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ABSTRACT 
This study concerns the partitioning of metals, primarily Cd, Cu, Fe and Zn in the 
tissues of the common cockle, Cerastoderma edule, from estuaries in the SW of 
England and the blood cockle, Anadara granosa, from estuaries of Thailand. Cockle 
and sediment samples were collected, at contaminated and uncontaminated sites, in the 
Plym, Tamar and Avon estuaries and at seven estuary mouths in the Gulf of Thailand 
(including the Chao Phraya). The objective was to quantify the total and available 
concentrations in the sediments and to measure the concentrations of the various 
molecular weight fractions of the metals associated with the body, gills, gut and foot of 
the two cockle types. In addition, the study aimed to identify and distinguish the major 
differences in metal handling strategies by these two organisms about which little is 
known. The fractions, included high molecular weight (HMW) compounds, 
metallothionein-like proteins (MTLP) and very low molecular weight compounds 
(VLMW). The MTLP concentrations were measured using polarography and the 
distributions of Cd, Zn, Cu and Fe among various cytosolic ligands, including MTLP, 
were determined by atomic absorption spectroscopy following separation by Sephadex 
G-75 size-exclusion chromatography. 
Concentrations of MTLP in body, gills, gut and foot of C edule were lower than in A. 
granosa and the highest MTLP level was found in the gut of A. granosa in the Chao 
Phraya. Generally, metal partitioning in both cockles involved the HMW pool, with the 
exception being for Zn binding to the VLMW pool in C. edule and Cd partitioning 
being mostly associated with the MTLP in A granosa. For the first time, the nature of 
Fe partitioning between the HMW, MTLP and VLMW pools in all organs of A granosa 
are reported. In most cases the concentrations of metals in the sediments were higher in 
the Devon estuaries as compared to those in the Gulf of Thailand. However, no 
significant relationships between metals in sediments and metals in cockles were 
observed and the induction of high MTLP concentrations in A. granosa could be due to 
contaminants other than the metals measured here. The results are discussed in the 
context of the use of MTLP and metal binding as indicators of environmental quality is 
discussed. 
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CHAPTER 1 INTRODUCTION 
Estuarine sediments are critically important as marine habitats. They often support a 
diverse and dense assemblage of invertebrates and their productivity is important for 
fisheries. The natural functioning of estuaries relies on the fluctuations imposed by 
seasonal and inter-annual variability in riverine and marine conditions (Roach et aL, 
2001; Whitfield, 2005). Unfortunately, due to human modification the natural cycles are 
disrupted, thereby causing an impact on the health of aquatic ecosystems (Brown et aL, 
2000; Long, 2000). Thus, sedimentary characteristics are of importance and hence the 
use of benthic biota for pollution assessment and monitoring programmes is increasing 
(Canfield el aL, 1998; Langston et aL, 1999; Strobel et aL, 1999; Matthiessen and Law, 
2002; Spooner el aL, 2003). Consequently, managers of marine resources often need to 
consider conditions both in the sediments and their biota in undertaking environmental 
impact assessment, setting environmental quality objectives, and assessing the risk to 
the estuarine ecosystem (Roach et aL, 200 1). Among environmental pollutants, heavy 
metals have a major impact on marine ecology, particularly since they are not 
degradable and persist for long periods. As a result, metals can accumulate in 
sediments, leading to concern over toxic effects and their potential for bioaccumulation 
in biota exposed to contaminated sediments (Bat and Raffaelli, 1998; Barka et al., 
2001; Javed and Abdullah, 2006). Cadmium is known as one of the most toxic elements 
because of its apparent biological uptake and accumulation in organisms (Taylor, 1983) 
and as such appears on the list of 33 priority contaminants in the EU Water Framework 
Directive. It is widely used in alloys, pigments, stabilisers, coatings and particularly 
rechargeable nickel-cadmium batteries, which account for almost 70% of its use (Dudka 
and Adriano, 1997). Cadmium toxicity arises due to its adverse influence on enzymatic 
systems of cells, resulting from substitution of essential metals (mainly Zn, Cu, Fe, Se 
and Ca) in metalloenzymes and its affinity to bind to biological structures containing - 
SH groups, such as proteins, enzymes and nucleic acids (Brzoska and Moniuszko- 
Jakoniuk, 2001). However, this metal has a potential role in the growth of the marine 
diatom Thalassiosira weissflogii by substituting for Zn in certain macromolecules (Price 
and Morel, 1990). Cadmium and Zn have similar physical and chemical properties, 
since both are classified as Group II B elements of the periodic table, and they can 
compete for uptake into cells and binding to intracellular sites. Several studies have 
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suggested that interactions between Cd and Zn in organisms result from a high degree 
of affinity of both metals for metallothioneins (MTs) and their ability to induce its 
synthesis (Brzoska and Moniuszko-Jakoniuk, 2001). 
Major anthropogenic sources of Zn are municipal waste, industrial iron and zinc 
smelting and steel production. In the aquatic environment, Zn is found in several forms 
including simple hydrated ions as well as inorganic and organic complexes (Agency for 
Toxic Substances and Disease Registry, 2005b). Zinc (and Cu) is on the Grey List of 
compounds of the EU implying that discharges should be reduced. 
The chemical and physical properties of Cu (durability, ductility, malleability, and 
electrical and thermal conductivity) have made it one of the most important metals. The 
release of Cu to the environment occurs via industrial activity, such as metal finishing, 
wood preservatives and as an antifouling agent. When CU2+ enters the environment, it 
forms stable complexes with -NH2, -SH and -OH groups of organic matter (Agency for 
Toxic Substances and Disease Registry, 2005a). 
The principal source of Fe is from the weathering of Fe minerals from igneous and 
metamorphic rocks (Croot and Hunter, 1998). Iron is an essential element for aquatic 
organisms and is a constituent of many oxidising metalloenzymes, respiratory pigments 
and proteins. The chemistry of Fe is one of the major factors controlling the distribution 
of adsorbed metal species in sediments and it is also an essential nutrient in seawater, 
thereby playing an important role in many biological processes in coastal waters and 
oceans. Although Fe and Cu are essential nutrients, an excess or deficiency of these 
elements may cause impaired cellular function and finally cell death (Arredondo and 
Nunez, 2005). Many important biological reactions are catalysed by Fe and Cu ions in 
which the oxidant H202 is transformed into hydroxyl radicals (-OH), which can initiate 
lipid peroxidation and reactions with proteins. It is likely that Cd can react with these 
oxidizing agents. Depending on which metal that participates in these reactions, it can 
react to protect against toxicity or enhance toxicity (Carter, 1995). 
In this research, Cd, Zn, Cu, Pb, Ni, Fe, Mn, Al, organic carbon and nitrogen are studied 
in sediments because these parameters typically play an important role in metal 
bioavailability in contaminated sediments. In particular, the biological effects of Cd and 
essential metals (Zn, Cu, and Fe) were examined due to their potential impact on biota. 
2 
Chapter 1: Introauction 
1.1 Sediment quality assessments 
Sediment quality can be assessed by integrated monitoring programmes that consist of 
coordinated chemical and biological measurements. Chemical analyses of contaminants 
in sediments allow an assessment of the potential toxic effects by comparing chemical 
data with established standards or guidelines. However, this information cannot provide 
a direct measure of the toxicological significance of the chemicals. It is more common 
to use biological monitoring designed to characterize the relationship between 
anthropogenic contaminant concentrations and adverse health effects on biota rather 
than relying purely on chemical concentrations. Classification of sediments is based 
upon biological activity, the bioavailability of potentially toxic substances and the 
spatial and temporal trends in sediment quality. The structure and functioning of benthic 
populations and communities can provide important indicators of in situ adverse effects 
of toxicity among local organisms (Long, 2000). 
1.1.1 Chemical measurements 
An assessment of sediment quality is achieved by comparing a potentially contaminated 
site to adjacent uncontaminated sites of similar geological and environmental character. 
The most common strategy involves chemical measurements to compare with sediment 
quality guidelines (SQG), which have been developed to ensure sediment 
concentrations do not cause adverse biological impacts. For example, the status 
' 
of 
sediments in Australasia is assessed using total metal concentrations which are 
compared with the guidelines. If the total metal concentrations in the sediments are 
higher than the guidelines, then a second stage is used to determine a "bioavailable" 
fraction of metals, the Acid Volatile Sulphide (AVS), grain size and organic carbon. If 
the site-specific measurements confirm that the sediment is potentially toxic, then 
sediment bioassays and benthic community structure studies are conducted (ANZECC 
and ARMCANZ, 2000). Although chemical monitoring cannot provide direct 
information on biological effects, the measurements are used to identify potential 
biological effects (Lam and Gray, 2003). 
Several partial or multiple extraction methods have been proposed to specifically target 
the bioavailable metal fraction in sediments. Metals liberated from sediments by weak 
acid are often correlated with trace metals available to organisms (Bryan and Langston, 
1992; Weimin et aL, 1992). However, the fraction bioavailable to benthic organisms will 
reflect the character of the sediment such as organic matter, Fe-Mn oxides, carbonates, 
3 
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or sulphides. Normalisation of metal contents in sediments is used to determine the 
degree of sediment contamination and normalisers are such as the grain size of sediment 
(Roussiez et aL, 2005), Al contents (Brugmann, 1995; Bellucci et al., 2005), Li content 
(Neto et al., 2006), Rb content (Ore9canin et aL, 2005) and Fe content (Guerra and 
Garcia-G6mez, 2005). Application of sediment normalization indicates that metal 
impact in benthic molluscs is unlikely to be the same in all sediments and will be 
dependent on the type of organisms and the physico-chemical. character of the sediments 
(Langston et al., 1998). 
An estimate of bioavailable metals and biological effects can be obtained by measuring 
the metal concentrations in pore waters that are in equilibrium with sedimentary phases. 
In metal contaminated sediment containing sulphides, the AVS-Simultaneously 
Extracted Metals (SEM) method has been proposed to assess metals in sediment pore 
waters (Ankley et aL, 1994; Hansen et aL, 1996). However, the bioavailability of the 
metals in pore water can be reduced by complexation with organic matter (Maher et aL, 
1999) and the application of "S-SEM has been criticised as having limited utility in 
field applications for metals, such as copper (Simpson et aL, 1998). 
1.1.2 Bioindicator species 
An important characteristic of an indicator species is that the contaminant 
concentrations in the species should relate to concentrations of the contaminant in the 
environment. Criteria used to select marine bioindicators are as follows (Bryan et aL, 
1985; Phillips, 1990; UNEP/FAO/IOC/IAEA, 1993): 
o they are sedentary, widespread and abundant and are representative of the 
region; 
o they are sufficiently tolerant of a range of metal concentrations and salinity to 
allow comparisons between the estuaries; 
o they are long lived and available most of the time, easy to collect and hardy 
enough to survive in unfavourable conditions, e. g. within the laboratory; 
o they exhibit high bio-accumulation factors and a large enough to yield sufficient 
tissue for analysis, and can be recognised and identified with certainty. 
The most important limitations of sediment bioindicators are variations between 
organisms, particularly since some organisms regulate tissue concentration with respect 
to environmental levels. These organisms are versatile and reflect contamination for a 
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wide range of metals and some appear to respond to a few specific elements. Selection 
of indicators should be appropriate to assess different types of contamination such as 
chemical forms (dissolved, particulate and dietary), sources (water and sediment) and 
contaminants (metals, organic micropollutants, etc. ). Filter-feeding organisms tend to 
reflect contaminants in the dissolved and particulate phases and deposit and detritus 
feeders are also influenced by sedimentary conditions. Variability in bioindicators can 
be minimised by using standardised procedures for sampling, location, size and number 
of organisms and method of organism cleaning. Because different bioindicators have 
different characteristics, a variety of bioindicators is recommended for environmental 
impact assessments (UNEP/FAO/IOC/IAEA, 1993; Langston and Spence, 1995). 
Bioindicators, of sediment conditions are limited to species in a group of moderately 
large, abundant, widespread, well-studied, inter-tidal organisms, mainly bivalves and 
polycheates. Bivalves, including mussels (Blackmore and Wang, 2003; Sericano et al., 
1995), clams (Langston and Zhou, 1987; Bebianno and Serafim, 2003), and cockles 
(Chan et aL, 2002b; Baudrimont et aL, 2005) also fulfil some of the bioindicator criteria. 
The polycheate Nereis diversicolor is a versatile sediment-burrowing indicator (Bryan 
et aL, 1985), is the main ecological invertebrate species in estuarine areas and is a major 
food source for higher trophic levels (Demuynck and Dhainaut-Court, 1994). The soft 
epidermis is in contact with sediment which may be in direct contact with interstitial 
water having a redox potential possibly very different from that of the overlying water 
(Rainbow, 1995). This shows that it has predominant impacts on the processes 
occurring at sediment and water-sediment interface, mainly due to its most efficient 
bioturbation capacity, as compared to other organisms of the benthic community such as 
bivalves. Amphipods are well known as test organisms for sediment toxicity 
assessments, which often correlate positively with changes in benthic communities 
(Long et al., 2001). However, the use of some bioindicators; in the field may be hindered 
because of their mobility and small size. 
1.1.3 Toxicity testing 
Toxicity testing offers many advantages when comparing the relative toxicity of 
specific chemicals or specific field collected sediments. The relationship between 
chemical exposure and toxicity is fundamental to toxicological investigation. Survival, 
growth and reproduction of individuals are generally chosen as endpoints of the 
laboratory toxicity tests. The two types of toxicity testing are classified by using the 
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length of the experiments relative to the life span of the organism and the complexity of 
the biological community (Landis and Yu, 1999). Acute toxicity bioassays commonly 
use mortality measurements over a 48 to 96 h period whereas chronic toxicity bioassays 
are used to describe toxic effects at concentrations less than the acute. Therefore, 
mortality may be used as an endpoint but may involve longer period. However, in many 
cases, chronic toxicity testing is used for a group of sub-lethal bioassays involving of 
biochemical, reproductive or growth effects (Wright and Welbourn, 2002). The 
concentration effect is interpreted to provide NOEC (the highest toxicant concentration 
that produces no significant difference with the control), EC and LC (the toxicant 
concentrations that inhibit the biological response and mortality respectively) (Van 
Beelen, 2003). Test species used to evaluate sediment toxicity should be ecologically 
important, tolerant to handling and offer should a high sensitivity to toxicants (Simpson 
et aL, 2004). 
However, acute toxicity tests have limitations for biological monitoring because they do 
not combine the effects of chemical speciation in the environment (such as kinetics and 
sorption of chemicals to sediment, accumulation through food chains and modes of 
toxic action) which are not normally measured. Differences in routes of exposure and in 
organism physiology (e. g. different mechanisms of toxicity) should be taken into 
account. The test organisms may not be representative of the species found in the 
ecosystem. Another concern is that some of the endpoints used (e. g. growth and 
reproduction) are difficult to relate directly to effects on structure and function at a 
community level. Selection of appropriate specific or multi species, tests and end-points 
need are required to support decision-making (Chapman et aL, 1997; Chapman et aL, 
2002). 
1.1.4 Blomarkers 
Biomarkers demonstrate deviations from normal situations ('healthy') using 
biochemical, physiological, histological, morphological and behavioral measurements at 
the individual level or below. Biomarkers are divided into 3 classes (van der Oost el aL, 
2003) as follows: 
1. biomarkers ofexposure identify the exposure of chemicals of to the organism 
2. biomarkers of effect demonstrate a sublethal effect on the organism due to 
chemical exposure 
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3. biomarkers ofsusceptibility indicate the inherent ability of an organism in the 
degree of responses to a toxic chemical or chemicals. 
Biomarkers range from highly specific (e. g. the enzyme aminolaevulinic acid 
dehyreatease is inhibited only by Pb) to non-specific (e. g. induction stress protein). The 
mechanism of toxic action of a specific chemical or group of chemicals are typically 
tested at the cellular or sub-cellular level on the basis of how a particular biochemical or 
physiological change may affect the overall fitness of organism. 
The use of biomarkers in sediment monitoring includes an early warning approach, 
which signals when environmental contaminants are present at a sufficiently high 
concentration to cause an effect. Although one drawback is that biomarkers integrate a 
wide array of environmental, toxicological and ecological factors from contaminant 
sites. They offer some promise for providing information that contributes to 
environmental monitoring programs designed for surveillance, hazard assessment, and 
regulatory compliance or documenting remediation. The use of biomarkers has 
significant advantages over chemical measurements because the environmental fate, 
bioavailability and interactions of contaminants in the environment can be taken into 
account (Lam and Gray, 2003). Conversely, biomarker response can be varied by 
several non-pollution variables (e. g. salinity, temperature, species etc. ). Understanding 
the spatial and temporal influences, such as adaptation and recovery of biomarkers, are 
essential before they can be routinely used (Wu et al., 2005; Amiard et al., 2006). 
Furthermore, biomarkers in laboratory studies can be difficult to translate into accurate 
predictions of effects observed in the field and laboratory experiments on biomarkers 
must always be validated with field research. Future research on biomarkers should also 
focus on establishing links with effects at different levels of the biological organization, 
notably for ecologically significant endpoints at the reproductive population and 
community levels (van der Oost et al., 2003). 
1.1.5 Benthic community structure 
The most common response of organisms to pollution is that the patterns of distribution 
and the species abundances reflect effects integrated over time or compared to baselines 
(Morrisey et aL, 2003). These are two distinct approaches to studying changes in 
ecosystems, one structural, and the other functional. Structural changes relate to changes 
in composition; some species increase in abundance, others (usually the majority) 
decrease in abundance and populations of others remain stable. In the extreme case, 
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species may disappear altogether from communities and ecosystems in which they are 
usually found. Absence of sensitive species may not just result in lower overall 
biodiversity but also in the disruption of essential ecological processes (Walker et aL, 
2001). 
Measurement of effects of pollutants on ecosystems has certain strengths and 
limitations. It has the advantage, of taking into account the overall functional state of an 
ecosystem. The abundance, diversity, and structure of benthic communities can be 
controlled or influenced by numerous environmental factors such as water depth, 
sediment texture, salinity, sediment scouring, dissolved oxygen, and predation. These 
factors may alter measures of benthic communities with or without the simultaneous 
effects of toxic chemicals (Long, 2000). A major problem associated with studying 
benthic communities is that sorting and identification to species level is expensive and 
appropriate taxonomists may not be available. Using higher taxonomic levels has been 
found to be an appropriate way to reduce these costs but its appropriateness for small- 
scale manipulative experiments is untested (Roach et aL, 2001). However, it has been 
shown that detecting responses at low-level contamination is difficult (MacFarlane and 
Booth, 2001). 
1.1.6 Sediment quality guidelines 
There is considerable uncertainty about the metal concentrations that cause significant 
biological effects and SQGs should be developed by using information from the above 
techniques. However, several international SQGs (the Netherlands, UK, USA, Canada, 
and Hong Kong) are based on the equilibrium partitioning (EqP) concept which is to 
predict biological effects using the relationship of the metal concentration in sediment 
adjusted for its dependence on organic matter and its concentration in water. For SQGs 
of metals, the ratios of SEM to AVS are applied. Acid volatile sulphides are one of the 
major binding phase controlling bioavailability of metals in the pore waters of anoxic 
sediments. The EqP approach is used more often because it is easy to apply without the 
difficulty of predicting biological effects. However, the ingestion of sedimentary 
particles and food, which may be significant routes for metal bioavailability, has been 
ignored. In addition, it has been criticised, because it only takes into account of uptake 
of metal from water rather than from particles and the fact that metal partitioning is 
dependent on many solid phases rather than just particulate organic matter (Rowlatt et 
aL, 2002). 
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Several methods have been proposed in which the biological effects are integrated into 
the EqP approach including: 
o Apparent effects threshold (AET), which combines both chemical and biological 
(bioavailability/biological effects) data from the field. However, this method 
requires a large database, can be influenced by unknown contaminants, may not 
reflect chronic effects and does not necessarily establish safe levels. 
o Sediment quality triad is an integrated approach using information from the 
concentration of substances in sediment, sediment toxicity, and benthic 
community structure (Chapman, 1990). However, the methodology for 
integrating data to give a reliable weight-of-evidence is not fully developed. 
o Effective range and effective level approaches (TEL/PEL and ERUERM) are 
based on statistical analyses of large database, matching chemical and biological 
data which have been used to determine the concentration below which effects 
are rarely observed, and the concentration above which incidence of effects is 
elevated. However, it requires large amounts of field data for many endpoints 
and species. It cannot separate specific contaminant effects, thus these values are 
used as tools to classify and rank sediments for priority investigation. 
1.2 Geochernical and biological factors controlling metal 
bioavailability in sediments 
Data on concentrations of total metals in sediments may be inadequate for sediment 
assessments due to their variable speciation and partitioning behaviour. However, 
sediment properties (e. g. grain size, organic carbon, pH, redox potential, AVS) are 
known to affect metal bioavailability. The major factors controlling the release of 
metals from sediment are pH, organic matter content, major element chemistry and, to 
some extent, biological activity (Prokop et aL, 2003). Therefore, in studies of metal 
bioavailability need to consider the specific geochernistry and physicochernical 
conditions of the sediment before applying assessment methods. 
1.2.1 Mobilisation of metals in sediments 
Metal mobilization in sediments is enhanced by redox (reduction/oxidation) processes, 
involving ferromanganese oxides, organic carbon, and ligand complexation (Francis et 
aL, 1989). The geochemical. model in Figure 1-1 describes reactions, indexed (a) to (h), 
related to oxidation and reduction of sulphide, organic carbon, oxygen and metals in 
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sediments. The redox potential of estuarine sediments is an important parameter 
affecting metal solubility, mobility, and bloavallability. Under oxidizing conditions, 
dissolved oxygen can be utilised to oxidise particulate organic carbon to produce carbon 
dioxide, reaction (a). It is also responsible for oxidising Fe and Mn sulphides to produce 
Fe and Mn oxyhydroxides, FeOOH and MnOOH; reaction (b) (Guo et al., 1997). These 
are major metal-binding solid phases in the oxic layer of sediments (Chapman et al., 
1998) resulting, for example, in relatively low dissolved Fe concentrations. Oxidation of 
metal sulphide in the oxic zone, reaction (c), produces dissolved metals, as free ions, in 
the pore water which could be a bioavailable forin to bottom feeding organisms. 
C4 
LU 
F- 
-4 
z 
F- 
LU 
> 
L) 
C 
z 
C02- CH, O + 0, -> CO., + HO -> H3 
(b) FeS(s) + 0, --> Fe0OH(ý), MnS(s) + 0, -> MnOOH(s) 
MS 
(S) 
+ 0, _+ 
M 2, +So 
2 
Particulate & Diffusive Mixing 
(d) M2- + FeS(, ) --> MS(s) + Fe 
2+, M2- + MnS(s) -> MS(s) + Mn 
2- 
M2' ++ M -= POC, 
M 2, ++ M -= FeOOH, 
M2t +-> M =- MnOOH 
(f) M2,02- 
_ý, 
MCO +HC 33 
Particulate & Diffusive Mixing 
(g) 2 CHO + SO 4 --> 2 CO., 
+S2 +2 HO 
(h) Fe 2- + S2- --> FeS(s), Mn 
2. 
+ S2 
--). MnS(s) 
Figure 1-1 Model schematic showing the oxidation and reduction reactions in oxic, 
transit and anoxic layers in sediments (adapted from Di Toro ef al., 1996). 
In the transit layer, metal sulphides are formed by the displacement reactions with Fe 
and Mn, reaction (d), in both the oxic and anoxic zones. Iron and Mn oxides and 
particulate organic carbon in sediments form particulate metals in both oxic and anoxic 
layers, reactions (e) and (f). Metal sulphides in sediments play an important role as sink 
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of metal when formed in anoxic layers and as source of contamination when it is 
oxidized in the oxic layer (Guo et aL, 1997; Yu et aL, 200 1). 
Under reducing conditions, in the anoxic layer, sulphate-reducing bacteria produced 
142S, which can reduce iron oxyhydroxides to form iron sulphides (Coleman et aL, 
1993), reaction (g). The sulphides react with Fe and Mn in sediment (h) to generate iron 
or manganese sulphide (Di Toro et aL, 1996). As the result, sulphides are a significant 
fraction controlling the speciation of Fe and Mn in the anoxic layer. Formation of AVS 
in natural sediments involves microbial reduction of sulphate to sulphide, a reaction 
typically coupled to microbial oxidation of organic carbon, reaction (g) (Kleikemper et 
aL, 2002). 
Investigations of aerobic and anaerobic mobilization of Zn and Cd from the surface 
layers of intertidal sediments indicated that neither the organic matter nor the pH 
controlled the observed mobility of the metals. Furthermore, metals were precipitated as 
sulphides under anaerobic conditions (Kerner and Wallmann, 1992). A study of Cd 
binding by aeration of sediment showed that more than 50% of Cd was associated with 
the extractable Fe and Mn components in the sediment. There were increases in the 
concentrations of hydrous Fe and Mn oxides in sediment following aeration and these 
solids become increasingly more important for the binding of Cd (Zhuang et aL, 1994). 
Cadmium behaviour was controlled by Fe and Mn oxides and carbonates, whereas As, 
Zn, and Cr behaviour was governed by the redox chemistry of Fe and Mn oxides (Guo 
et aL, 1997). 
Divalent metals have a high propensity to bind with AVS, followed by binding with 
organic matter and carbonates. By comparing the binding phases of metals before and 
after AVS extraction, it was found that Fe-oxides were the main additional binding 
phase associated with Zn in slightly anoxic sediments, while organic matter was more 
important for Cu (Yu et al., 200 1). Resuspension of anoxic sediments resulted in a 
significant release of Fe, Mn, Cd, Cu and Pb from the solids. Following their release Pb 
and Cu were almost totally scavenged within 4h by the freshly precipitated Fe 
oxyhydroxides, while more than 50% of the mobilised Cd remained in the dissolved 
fraction. The less efficient removal of Cd from solution implies a prolonged availability 
(Caetano et aL, 2003). 
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1.2.2 Mobilisation of metals in overlaying and pore water 
The complexation of Cd, Cu, and Zn with sulphides in anoxic estuarine sediments 
provide evidence that "S is the most reactive phase (Simpson et aL, 2000). When 
metals were added into the sediment, US and ZnS were formed, whereas Cu reacted to 
form Cu2S. Only when the sedimentary AVS phase was depleted did the Cu added into 
the sediment displace Zn and Cd ions from their sulphide phases. Likewise, Cd added in 
excess of the molar AVS concentration displaced Zn from less stable solid phases, 
adding to the sedimentary mobility of Zn. The rapid oxidation of sulphidic sediments 
followed by the hydrolysis of Fe in pore waters caused a decrease in pH and the 
formation of a Fe hydroxide precipitate. These processes incre 
' 
ased dissolved metal 
concentrations (Simpson et aL, 2002) and the potential for mobilization of bound metals 
to the overlying water was in the order of Zn > Cu > Cd - Pb (Wen and Allen, 1999). 
There are situations where sulphide is not always major binding component. For 
example, metals in the sediments of the Le An River which receives drainage from a 
major Cu mining operation in China, it is more more bound to the Fe and Mn oxides 
(Wen and Allen, 1999). The mobility of Cd and Zn in the sediments increased with 
decreasing pH and with decreasing content of organic matter (Prokop et al., 2003). The 
addition of metals to sediments caused major decreases in pH and increases in redox. 
potential as metals displaced Fe (II) into the pore water and added metals and Fe 
(following oxidation) were hydrolyzed (Simpson et al., 2004). Metals are removed from 
pore waters by formation of mono-sulphide phases only for Cd and partially for Zn and 
Mn but not for Pb or Cr (O'Day el aL, 2000). 
In pore water, hydrogen sulphide (H2S) is produced by biological process and 
geochemical process. The oxidation process is the most important for 112S production in 
water (Millero, 2006). Monterroso, et al. (2006) have used equilibrium calculations to 
assess how metal concentrations are affected by sulphide concentrations under varying 
pH. The influence of sulphide concentrations on total Fe, Cd, Zn and Pb concentrations 
in pore water are given the in Figure 1-2 (a). Therefore, in anoxic conditions the total 
concentrations of metals in pore waters were decreased at low sulphide concentrations. 
This trend reverses after 50% of the mobilised metals remained in the dissolved fraction 
as shown in Figure 1-2 (b) to (d). In this circumstance, metals are released from 
sediment to form MHS2- which is the predominant species of metals in pore water and 
this form of metals remains constant with an increase in sulphide concentrations 
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Figure 1-2 The solubility of Fe, Cd, Zn and Pb sulphide species as a function of the 
total free sulphide concentration (a). -M2+ ; ----- MHS2'; ""*** M(HS)2 for Fe, Cd and 
Pb in (b)-(d) (Monterroso et aL, 2006). 
1.2.3 The biological important of metal speciation in sediments 
Recently, a biotic ligand model (BLM), involving pore water-sediment partitioning, has 
been developed to predict the sediment concentration that is in equilibrium with various 
concentrations of biotic ligands (Di Toro et aL, 200 1). The BLM is based on the idea 
that toxicity occurs when the metal concentration at site of action (i. e. a biotic ligand) is 
greater than a critical concentration in pore water (Figure 1.3). The model accounts for 
the varying bioavailability of dissolved metal due to metal complexation with inorganic 
anions (such as chloride, bicarbonate and sulphide) and with particulate organic carbon. 
It also considers interactions of dissolved metal with cations and the effect of pH in pore 
water. As the results show the amount of metal that binds at site of action is determined 
by a competition metal ions between the biotic ligand and the other aqueous ligand, 
particularly dissolved organic matter (DOM), and the competition for the biotic ligand 
between the toxic metal ion and the other metal cation in solution, for example, calcium 
(Di Toro et al., 2001). 
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Figure 1-3 Schematic diagram of the sediment biotic ligand model (sBLM) for 
computing sediment metal toxicity. Equilibrium partitioning model for sediment 
toxicity and the BLM for metal toxicity. POC = particulate organic carbon; DOC 
dissolved organic carbon; HCO 3- = bicarbonate; OH -= hydroxide; Cl -= chloride; 
SO-4= sulphate; DOC dissolved organic carbon; HS sulphide (Di Toro et al., 
2005). 
The initial application of this model to predict the metal concentration for biotic ligand 
effects considers only organic carbon because it is an important metal-partitioning phase 
and it is normally determined in sediments. The SENVAVS is also measured to predict 
the acute and chronic effects from metals in sediments. The results show that BLMs can 
be used to predict toxic sediment concentrations without modelling the pore-water 
chemistry (Di Toro et aL, 2005). At Cd levels which were below AVS concentrations, 
no toxicity was observed for the nematode Caenorhabditis elegans. Consequently, at 
higher Cd concentrations, toxicity in sedimentss and pore waters was related with 
organic content due to Cd complexation by DOM because it was available to the gut of 
the nematodes. In addition, a higher toxicity was observed in the whole sediment 
compared to pore waters because Cd-POM may have contributed to the toxicity of Cd 
to the nematode (H6ss et aL, 200 1). 
Cadmium is most toxic as the free ion in the aqueous phase, less toxic in pore waters, 
and least toxic in the sediment- bound phase for the copepods Amphiascus lenuiremis 
(Green et aL, 1993). The lowered toxicity of Cd in pore water was due to Cd binding to 
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DOC. Thus, in sediments, Cd in the pore waters were the primary source of acute 
toxicity and Cd associated with sediments contributed negligible impact. Partial metal 
extraction demonstrated the differential controls of various sediment geochernical 
phases in affecting metal bioavailability, in the order TOC>Fe-Mn oxides>carbonate 
(Peng et al., 2004). 
Hansen et aL (1996) used SEM/AVS ratios for assessing the potential impact of 
sediment-associated metals to aquatic ecosystems. In both metal-spiked and field 
sediments, binding with sulphides in sediment were used effectively to predict the 
toxicity of metals. Chapman et al. (1998) suggested that the AVS model used for 
predicting non toxicity from metals-contaminated sediments was only applicable to 
anaerobic sediments. Table 1-1 shows concentration of AVS in sediment in freshwater, 
estuary and marine sediments. The concentrations ranged from below detection to 52 
ýLmol g-1 dry weight. 
Table 1-1 Acid volatile sulphide concentrations in freshwater and marine sediments. 
Location AVS References 
(gmol g-1 dry wt. ) 
Australia 
Brisbane River 0.33-22.6 (Mackey and Mackay, 1996) 
Moreton Bay < 0.5-113 (Burton et aL, 2005) 
Belgium 
Scheppelijke Nete 0.05-0.41 (Prokop et aL, 2003) 
China 
Ell-Ren river 3.6 (Yu et A, 200 1) 
Tuen Mun River 35.5-105 (Peng et aL, 2004) 
Netherlands 
Ketelmeer lake 10 (Van Griethuysen et aL, 2002) 
Kromme Rijn 21.7 
Lake Ketel 0.28-14.7 (Van Den Berg et al., 2001) 
Freshwater sediment 19.8-52.0 (Van den Hoop et al., 1997) 
Estuary and marine <0.1- 18.4 
sediment 
Portugal 
Douro estuary Not detectable - 2.8 (Mucha et al., 2005) 
USA 
Washington harbour 1.63-50.5 (Lasorsa and Casas, 1996) 
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1.2.4 The effect of organism behaviour on metal bioavailability 
Metal bioavailability in sediments is affected by the sediment characteristics and may be 
modified by the physiology and biochemistry of organisms. The major route responsible 
for contaminant release from the sediments to the water column is bioturbation 
(Thibodeaux and Bierman, 2003), including the resuspension of sediment particles. This 
leads to the penetration of dissolved oxygen into deeper sedimentary layers (Wegener et 
aL, 2002). This results in decreases of AVS concentrations and elevated pore water 
concentrations of Cd but not Zn (Peterson et aL, 1996). In addition, concentrations of 
Cd in pore water from deeper horizons (below the zone of active burrowing) have been 
reported to be consistently lower than those in the surface sediments. Tubificid worms 
bioturbating the oxic layer increased Cd flux from sediments into overlying water by 
about a factor of two (Ciutat et aL, 2005). Bioturbation by the benthic bivalve Corbiculd 
fluminea results affected only metals in dissolved fraction from diffusive metal fluxes 
across the sediment-water interface (Ciutat and Boudou, 2003). Burrowing activity of 
the oligochaete Lumbriculus variegates significantly reduced AVS concentrations in 
surface sediments (Peterson et aL, 1996). The presence of tubifex. worms trend to 
increase metal available concentrations in the higher sediment layer in the sediment core 
(Wegener et aL, 2002). 
Metal assimilation by a suspension-feeding clam, Mactra venerifonnis, was found to be 
independent of the metal concentration in the sediment (Wang et aL, 2002). There was 
no significant correlation between the assimilation of Cr or Zn and any of their 
geochemical phases or their concentrations (Fan et aL, 2002; Wang et aL, 2002), AVS 
(Fan et aL, 2002) and particle size (Fan and Wang, 200 1). The cadmium assimilation 
efficiencies of mussels (Perna viridis) and clams (Ruditapesphilippinarum) were 
correlated with Cd adsorption to the easily exchangeable and reducible phases, but a 
negative correlation was found between the Cd assimilation efficiency and its total 
concentration in sediment (Fan et aL, 2002). For the deposit-feeding clam (Macoma 
balthica) and the suspension-feeding mussel (Mytilus edulis), it appears that 
assimilation processes of Cd and Co do not fit with the explanations above. However, it 
was found that organic carbon content generally had a small effect on assimilation for 
both organisms (Griscorn et aL, 2000) and Cd assimilation increased as TOC increased 
in the sediments. Similar results were found for the deposit-feeding peanut worm, 
Sipunculus nudus (Wang et aL, 2002). These facts indicate that metal bioavailability in 
ingested sediment is related to metal binding with the organic carbon phase. However, it 
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is difficult to draw general conclusions about the geochemical influences on metal 
bioavailability because the exact bioavailability is sediment-specific and animal- 
specific, which is made more complex by synergistic and additive effects between the 
geochernical and biochemical interactions. Hence the degree to which metals bound 
with different geochemical phases of sediments are bioavailable to aquatic organisms 
need further research (Peng et aL, 2004). 
1.3 Mechanisms of metal handling in bivalves 
It is important to understand how living organisms process metals including: what are 
the mechanisms of uptake, how metals are distributed within the various organs and 
why some tissues preferentially accumulate a metal, why and how metals are 
biotransformed and how metals are released from an organism. Only when these 
strategies for handling any given metal are known will it be possible to conclude 
whether metal accumulation in an organism is of ecotoxicological significance 
(Langston et aL, 1998). 
1.3.1 Uptake 
The accumulation of metals by organisms can occur via uptake of metals in food 
sources and/or exposure to metals in the surrounding medium. Studies on uptake of 
metals by aquatic organisms have mainly focused on: (i) pathways of metal transport 
across the cell membrane; (ii) sources of metal uptake; (iii) metal assimilation from 
sediment and food. The regulation of metal transportation is facilitated by the cell 
membrane, which is composed of phospholipids, and large protein molecules (Simkiss, 
1998). 
Mechanisms of metal transport across biological membranes have been hypothesized, 
such as passive diffusion, facilitated diffusion, active ion pump and endocytosis. 
Diffusive uptake occurs for some metals, influenced by non-specific binding to ligands 
in body fluids and cells, potential differences across body surfaces and by active 
transport processes involving ionic pumps and pinocytosis (Depledge and Rainbow, 
1990). For neutral metal species, passive diffusion is driven by the concentration 
gradient between dissolved metals and cell wall. Facilitated diffusion transports free 
metal ion, via membrane proteins, through major ion channels (e. g. Ca channels also 
accommodate Cd) and is influenced by dissolved metal speciation, calcium availability 
and environmental pH. Metals that exist as particles or precipitates may enter cells by 
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direct endocytosis route. The most obvious case is with filter-feeding organisms which 
use endocytossis as intracellular digestive process (Simkiss and Taylor, 1995; Simkiss, 
1998). 
Primarily, benthic organisms can obtain metals from overlying water, pore water, 
sediment and food. Thus, routes of metal uptake for the deposit-feeding clam Macoma 
balthica are from overlaying water, oxic pore water and burrow water and are different 
among metals and their concentrations. The accumulation of Cd in this clam was 20- 
50% from overlaying water (Griscom and Fisher, 2002). Only dissolved metals from 
diffusive fluxes across the sediment-water interface are bioavailable to the bivalve 
Corbiculafluminea (Ciutat and Boudou, 2003). The Cd and Zn uptake from dissolved 
phase in Potamocorbula amurensis and M. balthica increased linearly with dissolved 
metal concentrations (Lee et aL, 1998). In the clam Corbiculafluminea, calcium 
inhibited the uptake of dissolved metals, such an effect was predicted using the free- 
metal ion activities (Qiu et al., 2005). Metal assimilation in the mussel Mytilus edulis 
and the clam M balthica, were associated with sulphides in sediments, whereas organic 
carbon content had a small effect on assimilation (Griscorn et aL, 2000). In the clams 
(Ruditapes. philippinarum) and mussels (Perna viridis), Cd assimilation was related to 
Cd concentration in food, i. e. mainly phytoplankton (Griscorn et aL, 2002). 
Trophic transfer may be a significant uptake route in metal accumulation in aquatic 
invertebrates (Rainbow and Wang, 200 1). The chemical form of detoxified metal stored 
in the prey organism is clearly one major factor controlling the assimilation of a trace 
metal by a predator (Wang and Fisher, 1999). The relationship between the subcellular 
Cd distribution in prey (the oligochaete Limnodrilus hoffmeisteri) and Cd assimilation 
by a predator (the grass shrimp Palaemonetes pugio) was such that only metal bound to 
the soluble fraction of prey was available to the higher tropic levels (Wallace and 
Lopez, 1996). Similarly, the trophic transfer of Cd was investigated using the 
oligochaete subcellular Cd distribution and absorption efficiencies of Cd by the shrimp 
cytosol (including metallothionein-like proteins) and a debris fraction (including metal- 
rich granules and tissue fragments). It was found that Cd associated with cytosolic 
proteins in L. hoffimeisteri was 100% available to P. pugio, whereas Cd bound to metal- 
rich granules was unavailable and Cd bound to organells was 70% available (Wallace 
and Lopez, 1997). The tropic transfer of Ag, Cd and Zn from polychaete worms, Nereis 
diversicolor, to decapod crustaceans, PaIdemonetes varians, were significantly different 
for each metal and for the different prey sources (Rainbow et al, 2006). However, there 
18 
Chapter 1: Introduction 
was no evidence that the assimilation efficiencies of Cd, Zn and Ag in phytoplankton 
(Thalassiosira weissflogii) was affected when the green mussel, Perna viridis, the clam 
Ruditapes philippinarum and the barnacle Balanus amphitrite were fed on 
phytoplankton (Ng et aL, 2005). 
In general, metal uptake depends on the biology of organisms (such as routes, 
mechanisms, feeding) and physiochernical environments (such as sources, metal 
speciation and interaction, pH, and season) (Brown and Depledge, 1998; Langston et aL, 
1998). Moreover, the proportions of metals uptake from difference routes may vary 
depending on the degree of contamination of food sources (Chapman el aL, 2003). 
1.3.2 Metal distribution in tissues 
Metal distribution in organisms is related to the different metal binding behaviour in 
various tissues. In molluscs, hemocytes transport metals between tissues and may 
penetrate tissues and remove metals from the inner medium to be accumulated in 
lysosomes as non-digested products (Marigomez et aL, 2002). After crossing the cell 
membrane most metals are usually in tissues as divalent cations, which are free or 
complexed to different classes of biological ligands. Metals can be associated with the 
cell cytoplasm, bound to cell membranes and contained in organelles and insoluble 
granules (Mason and Jenkins, 1995). The metal-binding proteins (e. g. metallothioneins, 
transferin-like proteins) and haemolymph cellular elements have roles in metal transport 
and storage. Gills are a key interface for dissolved metal uptake, synthesis of metal 
binding MTs, lysosome incorporation and release into blood plasma and circulation 
hernocytes (Marigomez et aL, 2002). 
Research into metal handling strategies by aquatic organisms include: exposure (Inza et 
aL, 1997; Seffa et aL, 1995; Choi et aL, 2003b), transport (Cortesi et aL, 1992), 
detoxification (Bebianno and Langston, 1992; Ballan-Dufrancais et aL, 2001; Irato et aL, 
2003; Campbell et aL, 2005), toxicity (Prakash and Rao, 1995; Dovzhenko el aL, 2005), 
and storage (Chelomin et aL, 1995). Cadmium is seldom distributed evenly in the body 
and selectively accumulates in specific organs like liver, kidney, gill and exoskeleton: 
the concentrations in muscles tend to be lower (Ray, 1986). Metal distributions also 
vary with species, e. g. Cd levels in the bivalve Scapharca inaequivalvis followed the 
sequence gills > mantle > muscle > foot (Cortesi et aL, 1992). The highest Cd 
accumulations in bivalves were found in the kidney compared to the gills, viscera, 
mantle, foot, muscle and the lowest levels were found in red blood cells (Serra et aL, 
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1995), Relatively high Cd concentrations in the kidney were also found in the tropical 
marine bivalve, Tridacna crocea, (Duquesne et aL, 1995), the scallop, Mizuhopecten 
yessoensis, (Chelomin et aL, 1995) and the Asiatic clam, Corbiculafluminea (Inza et 
aL, 1997). Sokolova et aL (2005) reported that mitochondria in the gills and lysosomes 
of the hepatopancreas were the key intracellular targets for Cd toxicity in the eastern 
oysters Crassostrea virginica. 
Numerous studies have been made on Cd in the gills and digestive gland and for the 
bivalve Modiolus modiolus (Dovzhenko et aL, 2005), Percaflavescens (Campbell et aL, 
2005), Perna viridis (Prakash and Rao, 1995), higher Cd concentrations were found in 
the gills compared to the digestive gland. In contrast, Cd accumulations in digestive 
glands were higher than gill in the bivalves Pyganodon grandis (Bonneris et aL, 2005a) 
and Ruditapes decussata (Bebianno et aL, 1993). Zinc was elevated in the digestive 
gland rather than in the gill of the mussel, Mytilus edulis (Vercauteren and Blust, 1996). 
However, there was a significant correlation between Zn and metallothionein (MT) 
levels in the gills of Mytilus galloprovincialis and Scapharca inaequivalvis. In addition, 
Cu concentrations the digestive gland of the bivalve Tapes philippinarum were more 
appropriate for use in monitoring Cu impact than the former two bivalves (Irato et aL, 
2003). 
Most studies on the subcellular distribution of metals in molluscs have focused 
primarily on the distribution between soluble components, i. e. heat sensitive protein 
(HSP) and metallothionein-like proteins (MTLP) in high, low and very low molecular 
weight pools and insoluble components, such as granular deposits (MRG, cellular 
debris, and organelles). These are required to investigate the dynamics of metal 
accumulation in different organelles, which is a key in understanding of the mechanisms 
of metal toxicity. Ng and Wang (2005) found that metals in the soluble fraction 
mediated depuration during efflux, whereas metals in the insoluble fraction acted as a 
final storage pool. The insoluble and HSP fractions were the main ligands to interact 
with metals (Cd, Zn and Ag) during uptake and metal binding to HSP was increased 
when the metal uptake rate was higher. However, the metals were subsequently re- 
distributed from HSP to MTLP (Perceval et al., 2004; Ng and Wang, 2005). Cadmium 
binds strongly to intracellular sites which might be a two step process with initial 
binding to a high molecular weight proteins, then moving to binding with newly 
synthesized MT (Carpene and George, 198 1). Copper in digestive glands were found in 
the bivalves Laternula elliplica, the clam M. balthica and the Japanese littleneck (Tapes 
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philippinarum). In L. elliptica, and M balthica, Cu was bound to both soluble and 
insoluble fractions. Their relative contributions to Cu sequestrations varied with tissue 
type (digestive gland, kidney, gill) suggesting that the granules play a role in Cu 
sequestration (Ballan-Dufrancais et al., 200 1; Choi et aL, 2003a). 
Metal (Fe, Zn, Cu, Cd Mn, Pb, Ni) distributions in the cellular membrane structures and 
cytosol have been studied in the kidney and digestive gland of mussel (Modiolus 
modiolus). In the kidneys, the amount of Fe in the "membrane" fraction and the 
amounts of Zn, Pb, Ni and Mn in cytosol from contaminated sites were higher than 
controls. Copper and Cd in the cytosol of the digestive gland were important at 
contaminated sites. Iron, Zn, Cd, Mn, and Ni were higher in the "membrane", whereas 
Cu and Pb was increased in the cytosol compared to the control sites (Podgurskaya and 
Kavun, 2006). There was inter-species variation of Cd binding protein in the cytosol of 
the gills of Mytilus galloprovincialis which, was higher than in Ruditapes decussatus 
(Bebianno and Serafim, 1998). 
1.3.3 Detoxification 
Every living organism must detoxify nonessential metals and carefully control the 
intracellular concentration of essential metals. Metal toxicity probably originates from 
reactions in the cytosol, through the physiologically sensitive target molecules 
(enzymes, small peptides such as glutathione, DNA, RNA) or organelles 
(mitrochondria, endoplasmic reticulurn and nuclei) and is de-activated by protective 
metal binding ligands (such as MT, granules) or elimination (Mason and Jenkins, 
1995; Marigomez et aL, 2002). Other key intracellular organelles involved in metal 
detoxification are lysosomes, especially in lysosomal-rich hepatopancreas tissues. Metal 
accumulation can be into lysosome-derived insoluble granules and either stored 
intracellular or excreted from the cell and detoxified. Thus, various sub-cellular systems 
have evolved to permit the accumulation, regulation and immobilisation of metals; these 
include metal binding proteins such as MT, granules and membrane-bound vesicles. 
Metal tolerance or resistance can be related to ability of an organism to prevent metals 
from binding to sensitive sites (Rainbow, 2002). 
Detoxification of metals often involves induction of metal binding peptides and 
proteins, such as glutathione and MT. Because MT and Cd binding in cytosol are 
closely involved in metal detoxification, their concentrations have been evaluated in 
relation to metal concentration gradients by a number of organisms, such as the 
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gastropod Littorina fittorea (Langston and Zhou, 1986), the bivalve Corbiculafluminea 
(Baudrimont et aL, 1999), the clam Ruditapes decussatus (Bebianno and Serafim, 
2003), the mussel Mytilus galloprovincialis, the clam Scapharca inaequivalvis, the 
Japanese littleneck Tapes philippinarum. (Irato et al., 2003) and the bivalve Pyganodon 
grandis (Giguere et aL, 2003; Bonneris et aL, 2005a; Campbell et aL, 2005). However, 
not all bivalves involve MT in metal detoxification, such as Anodonta grandis, 
Scrobicularia plana and M balthica (Couillard et aL, 1993; Langston and Zhou, 
1987; Langston et al., 1998). In such species, the detoxified forms of metals may be 
precipitated as insoluble concretions (MRG) whose increased formation is associated 
with metal exposure (Mason and Jenkins, 1995). 
The soluble and insoluble detoxification pathways depend on the nature of the chemical 
speciation of the metal binding. Different isoforms of MTs and granules (the latter with 
different anions such as phosphate or carbonate) have been recognized in the 
detoxification of metal accumulation (Campbell et aL, 2005). In Pyganodon grandis, Cd 
detoxification was effective in the soluble "heat-denaturable protein" fraction in the 
cytosol of the digestive gland, whereas granules played a minor role and the other sub- 
cellular compartments assume a greater importance (Bonneris et aL, 2005b). 
1.3.4 Storage and elimination 
There are two basic strategies by which organisms can limit an excess uptake of metals, 
firstly by elimination and second by storage. Metals can be accumulated selectively in 
specific organs and cell types because metal binding ligands differ between organs 
(Langston and Spence, 1995). There is evidence that the mechanisms of Cd 
accumulation can affect the homeostasis essential elements (Cu, Zri and Fe) in the 
scallop Mizuhopecten yessoensis (Chelomin et al., 1995). An organism has two major 
ways of eliminating a chemical: it is either excreted in its original form or it is 
biotransformed by the organism. After uptake, metals bound to MT may be transported 
to the lysosomes with this ligand and become incorporated into the lysosomal system 
with the possible formation of insoluble residual bodies. Lysosomes are known to be 
involved in the excretion and detoxification of trace metals (Amiard et al., 2006). 
Storage of metals depends on the biochemical characteristics of specific organisms. For 
Ruditapes decussata, NIT plays an important role in the storage of Cd (Bebianno et al., 
1993), whereas in Macoma balthica, and Potamocorbula amurensis, metal storage for 
Cd was principally as NIT and organelles were the major site of Zn storage. Copper was 
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accumulated in insoluble forms of the whole soft tissues (Ballan-Dufrancais et aL, 
2001; Wallace et aL, 2003). Cadmium and Cu are stored in the whole tissues of 
Crassostrea gigas were associated predominately with cytosol following exposure. 
During depuration, the metals were equally distributed between cytosolic and insoluble 
ligands. In contrast, total Zn was highest when there was a higher concentration of 
insoluble Zn compared to soluble forms (Geffard et aL, 2002). 
Organ and organelle specific patterns of metal storage are highly specific. In the scallop, 
Mizuhopecten yessoensis, Cd accumulation was followed by changing the element 
homoeostasis in kidney, a process which varies with each tissue (Chelomin et A, 1995). 
Cadmium and Hg stored in the gills of the freshwater bivalve Corbiculafluminea 
(Baudrimont et aL, 1997). The kidneys of some bivalves contain large quantities of 
metal rich granules which are assumed to be passed into the urine and eliminated; the 
high metal concentrations associated with kidneys are often due to these granules 
(Brown and Depledge, 1998). Metals (Cd, Zn, Cu and Ag) in mussels (Mytilus edulis) 
and oysters (Crassostrea gigas) were stored as mineralized lysosomes in the kidney of 
the mussels and the digestive gland of both species (Geffard et aL, 2004). The final 
storage pool of which metals the marine green mussels, Pernd viridis, were in the 
insoluble fraction (Ng and Wang, 2005). 
The elimination ability of metals in organisms was assessed by biological half-lives for 
different metals. Among bivalve species, the half-life for Cd ranged from 500 days in 
the whole soft tissues of Corbiculafluminea (Baudrimont el aL, 2003) to 70 days in 
Macoma balthica (Langston and Zhou, 1987). In oysters, Crassostrea gigas, metals had 
longer half-lives in the gills compared with the digestive gland and metals in the cytosol 
were eliminated faster than insoluble forms (Geffard et al., 2002). During depuration, 
the bivalve C fluminea, rapidly eliminated Zn with HMW protein by transfer to 
lysosomes and Cd was slowly depurated from MT. There was no evidence of MT being 
involved in Zn elimination but MT plays a key role for Cd uptake (Baudrimont et al., 
2003). Clearly, MT fulfils an important variable role in detoxification but the precise 
nature of its role needs further study. 
1.4 Meta llothioneins and metal binding in benthic organisms 
Metallothioneins are low molecular weight metal-binding proteins showing high affinity 
for metal ions. The affinity of NIT for metals decreases in the sequence Hg 2+_ CU+_ 
i3+ > 2+ >Z 2+ > C02+ Agt- B_ Cd2+ > Pb n (Vasak, 1991). Although MTs have been 
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isolated in many animal phyla, the capacity to synthesize MT varies between organisms 
and non-MT producers with only low levels of detectable MT have been found. 
Tolerance to metals in molluscs is mainly based on their sequestration by a range of 
cellular ligands which include MTs, lysosomes, and mineralized granules, of which 
metal binding to MTs is considered to be one of the most common routes for 
detoxification (Langston et al., 1998). MTs have been detected in approximately 50 
different species of aquatic invertebrates, the majority of which are molluscs or 
crustaceans. The role of MT is more evident in the gills, digestive gland and kidney, 
reflecting the significance of these tissues in uptake, storage and excretion of metals 
(Amiard et aL, 2006). Several excellent reviews covering the chemistry, biochemistry, 
physiology, and molecular biology of MT are available. For this reason only a limited 
review of the subject will be presented. 
1.4.1 Structure of meta I lothionei ns 
Metallothioneins, generally have a molecular weight of about 6,000-7,000 Daltons, 
based on amino acids (60-62 amino acids; Figure 1-4a), or 12-15 kDa based on size- 
exclusion liquid chromatography. The protein is unique as it contains some 20 cystein 
residues (i. e. 33%) which do not form disulphide bridges. Most MTs are comprised of 
two domains: The a-domain (Figure l4b), typically contains II or 12 cysteines, 
extending from amino acid 31 to 6 1, and binds four divalent metal cations ions. The P- 
domain (Figure l4b), contains nine cysteines, and participates in metal exchange 
reactions involving glutathione-shuttling with Zn- and Cu-requiring apoproteins, 
extending from amino acid I to 30, and binds three divalent metal cations (Brouwer et 
aL, 1993; George and Langston, 1994). Metal to protein stochiometries (elucidated by 
optical spectroscopy) indicate that each MT molecule is capable of binding 7 metal ions 
of Hg(II), Cd(II), Zn(II), 12 for Cu(I), and 12,17 or 18 for Ag(I). All binding sites in 
the two domains may be occupied by Zn(II), Cu(I) or Cd(Il), or each domain in a single 
MT molecule may be filled by different metal ions. Moreover, several protein isoforms 
are known to exist for many sources of MT and for different animal phyla (Campbell, 
2003). However, in all MT isoforms, the high cysteine content tends to be highly 
conserved within the protein. Some crustacean MTs, possess two P-domains capable of 
binding six metal cations (Narula et aL, 1995). Metallothionein in fish is usually 
saturated with Zn and this can be displaced by varying amounts of Cd from a CdZn6 to a 
Cd7MT (George and Langston, 1994). 
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Figure 1-4 Amino acid sequence (a), and three-dimensional (b) structure of the two 
metal binding domains of rabbit liver MT2A. The numbering in the 3-D structure refers 
to location of cysteins in the 62-amino acid sequence of rabbit MT (Chan et al., 2002a). 
Metal lothioneins have been divided into three classes, on the basis of their structure and 
on their mode of synthesis (Fowler et al., 1987). Class I MTs are polypeptides with 
locations of cysteine closely related to mammalian forms. MTs in some molluscs belong 
to this class, such as the edible mussel Mytilus edidis (Mackay et al., 1993), Scapharca 
inaequivalvis (Serra et al., 1995), the Pacific oyster Crassostrea gigas (Tanguy et al., 
2001), the blood cockle Anadara granosa (Chan et al., 2002b), and the clam Ruditapes 
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decussata (Simes et aL, 2003). Class Il differs from Class I in term of location of the 
cysteine residues which lack similarity to mammalian MTs. This class was found in 
wheat, yeast and prokaryotes. Class III MTs are nontranslationally synthesized metal- 
thiolate polypeptides such as cadystin, phytometallothionein, phytochelatin, or 8- 
glutamyl-cysteine-glycine. The polypeptides have been detected predominately in the 
brain (Sogawa et aL, 200 1). As the number of MT sequences has grown this 
classification has become inadequate. In addition, MTs length of their sequences, their 
amino acid compositions, the numbers and repartitions of the proteins are now know to 
be highly variable (Binz; and Kagi, 1999). 
Binz and Kagi (1999) have recently proposed a new classification system based on 
sequence similarities and phylogenetic relationships. This system divides MTs into 
families, subfamilies, subgroups and isolated isoforms and alleles. Metallothioneins so 
far are distinguishable into 15 families. Vertebrate MTs are identified as family 1, 
molluscan MTs belong to family 2, crustacean MTs classify as family 3 while annelid 
MTs did not categorize to a family. 
1.4.2 Metallothlonein synthesis and function 
Metallothionein synthesis is induced by hormones and metals but the ability of 
induction by the latter is generally much greater (Stillman, 1995). It is synthesised by 
activation of mRNA acting on regulatory regions of the gene and the induction is 
mediated by metal regulatory factors (MRF) to initiate expression of the MT gene 
which is regulated by Zn-metalloenzymes. In higher organisms, the MRF would be 
under inhibition by a transcriptional inhibitor (MTI) that can only be released by Zn. 
Other metals (such as Cd, Cu, Hg) which have greater affinity for ligands than Zn 
would induce MT by displacing it from the binding site. The displaced Zn is then 
available for binding the inhibitor, releasing the transcription of the MTmRNA, and 
initiating MT expression (Roesijadi, 1996). 
The exact biological functions of MTs are still being deliberated. There are several 
hypotheses for the function of MTs including: i) metal transport to other proteins (i. e. 
Zn finger protein, which are important DNA-binding, regulatory proteins, ii) control of 
the free ion of essential elements (Zn and Cu), iii) providing storage, iv) detoxification 
of non-essential metals, v) providing a protective role in sequestering metals, vi) 
protection from a variety of stress conditions. Moreover, it has been proposed that high 
levels of MT are present in tissues during growth and development, in order to supply 
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Zn and Cu for nucleic acid metabolism, protein synthesis, and other metabolic processes 
(Chan et aL, 2002a). 
Metallothioneins act as a reservoir of essential metals that can be donated to other MTs, 
or can protect the cell against intracellular oxidative damage (Langston et aL, 
1998; Amiard et aL, 2006). Studies involving aquatic invertebrates suggest an important 
role for these proteins in the transport, storage and regulation of the essential metals and 
detoxification of these metals, when present in excess, and of non-essential metals 
notably Cd. Although a role in basal Zn regulation is currently a topic of debate, less 
controversial is the role of MT in the detoxification of metals, e. g. Cd (Roesijadi, 2000). 
Copper binding MTLP concentrations were related to Cu from a contaminated site, 
indicating detoxification of this metal (Ballan-Dufrancais et al., 2001). During the 
efflux, metals accumulated in the soluble form (NIT or MTLP) mediated depuration, 
redistribution of metals may occur between the metal sensitive (i. e. organelles, 
enzymes) and inactive pool with out significant depuration as a secondary protective 
mechanism (Ng and Wang, 2005). 
Excess metal accumulation may saturate protective, metal binding proteins, leading to 
metal 'spillover' to metal sensitive intracellular targets (Langston and Zhou, 
1986; Mason and Jenkins, 1995). In the Asiatic clam, Corbiculafluminea, Cd and Zn 
bioaccumulation and MTLP concentrations at the most polluted sites did not increase 
and the clams died after 49-85 days, suggesting that the metal detoxification 
mechanisms were overwhelmed (Baudrimont et aL, 1999). These results indicate that 
the degree of metal detoxification is related to the health status of an organism. 
However, it must be recognized that most field studies have not been able to 
demonstrate convincingly a mechanistic linkage between biochemical responses and 
adverse effects at higher levels of biological organization, meaning that further research 
is essential (Campbell, 2003). 
1.4.3 Metal lothioneins as biomarkers 
The concentrations of MTs have been proposed for use in environmental monitoring as 
an early warning system for metal impacts, especially for Cd in the bivalve Anodonta 
grandis (Couillard et aL, 1993), the clam Macoma balthica and the mussel Mytilus 
edulis (Amiard-Triquet et aL, 1998), the bivalve Pyganodon grandis (Wang et al., 
1999), the clam Ruditapes decussates (Bebianno et aL, 2000; Smaoui-Damak et aL, 
2004) and the mussel Mytilus gailoprovincialis (Raspor et aL, 2004). Metallothioneins 
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are also among the major specific biomarkers, potentially useful as indicators for Hg, Ag 
and possibly Cu contamination. However, MT concentrations may be variable both 
intra-specifically and inter-specifically for physiological reasons (e. g. reproductive 
cycle, body size) as well as environment (e. g. season, temperature, salinity) (Langston 
et aL, 1998; Amiard et aL, 2006). Linking responses to ecological effects at the 
community level is also difficult (Perceval et aL, 2004). The use of MTs as biomarkers 
is further limited by methodological problems concerning the validity of the analytical 
method. There are currently several methods for MT analysis such as chromatography, 
metal saturation, differential pulse polarography (DPP), immunoassay, and MT mRNA 
(Langston et al., 1998). Although metallothioneins have a role as biomarkers, the 
sampling programmes must be carefully designed, as should be the choice of organism, 
organ and method of analysis (Amiard et aL, 2006). In biomonitoring programs using 
MTs, the organisms most commonly studied are bivalves. A comparison of MT 
concentrations of different species and organs in bivalves, using only DPP, are given in 
Table 1.2. These results indicate that MT levels of about 2 mg g-i are typical for 
bivalves collected from natural sites. In all the studies, MT concentrations were higher 
in the digestive gland of bivalves than in the gills. 
Table 1-2 Metallothionein concentrations determined by differently pulse polarography 
in bivalves. 
Species Tissues Mean 
Concentration 
(mg g- ) 
References 
Crassostrea gigas Digestive gland 0.7-1.6 ww (Geffard et aL, 200 1) 
Macoma balthica Whole animal 2.3-8.9 dw (Amiard-Triquet et aL, 1998) 
Mytilus edulis Whole animal 2.7 dw (Bebianno and Langston, 199 1) 
Gill 2.2 dw 
Digestive gland 8.0 dw 
Gill 1.6-2.6 dw (Amiard-Triquet et al., 1998) 
Digestive gland 8.8-19.6 dw 
Gill 0.2 ww (Geffard et aL, 2005) 
Digestive gland 1.6-2.3 ww 
Mytilus Whole animal 2.8 dw (Bebianno and Langston, 1992) 
galloprovincialis Digestive gland 0.5-0.8 ww (Raspor et al., 2004) 
Ostrea edulis Gills 1.2 dw (Langston et al, 1998) 
Remain tissue 1.4 dw 
Ruditapes Whole animal 2.0 dw (Bebianno et al, 1993) 
decussates Gill 1.9 dw 
Digestive gland 4.7 dw 
Digestive gland 2.0 ww (Hamza-Chaffai et al., 2000) 
Note: dw = dry weight; ww = wet weight. 
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1.4.4 Metal binding in benthic organisms 
In bivalves, metal binding is often due to MTs, however, metals can also be bound to 
granules or bound to high and low molecular weight proteins. Several ecotoxicological 
studies shown that the ability of MTs of sequester metals is less than perfect. The 
cellular level of metals could arise from reactions in the cytosol through the non- 
specific binding of metals to ligands other than MTs (i. e. non-thionein ligands) that are 
physiologically important (Mason and Jenkins, 1995). It has been assumed that non-MT 
proteins may be involved in metal toxicity or detoxicification and could therefore be 
used to signify 'pollution'. Attempts have been made to relate sub-cellular metal 
partitioning to deleterious effects in bivalves and the binding of the metal to non-MT 
pools was linked to biological effects, such as oxidative stress (Naab et aL, 
200 I; Giguere et aL, 2003; Chelomin et aL, 2005) and toxicological effects at higher 
levels of the biological organization (Perceval et aL, 2004). 
High molecular weight proteins have been found to bind a variety of metals, such as Cd, 
Cu, Zn, Hg, and Ni (Morgan, 198 1) in bivalves. The HMWs include the respiratory 
pigment, haernoglobin, in Scapharaca inaequivalvis where low levels of Cd binding to 
HMW proteins was assumed to be with haemoglobin (Serra et aL, 1995). High 
molecular weight glycoproteins, including transferrin (80 kDa) and ferritin (480 kDa) 
have the primary function of transporting Fe in plasma. In absence of Fe, transferrin 
may bind with Al, Cr, Co, Cu, Mn and V. Ferritin, which consists of Fe in mussel is 
also associated with Zri in oysters (Langston et al., 1998). Cadmium binding protein 
from the blood plasma was isolated from Mytilus edulis and was identified as a 
histidine-rich glycoprotein with molecular weight 63 kDa. It transports metals from 
sites of initial uptake to internal tissues in bivalve molluscs in the open circulatory 
system (Satish Nair and Robinson, 2001). 
Cadmium bound to HMW proteins was lower than that bound to MTs but was found 
even at low levels of environmental exposure (Bebianno and Langston, 
1992; Baudrimont el al., 2003; Giguere et al., 2003). The HMW pools (254 and 18 kDa) 
in the freshwater bivalve Pyganodon grandis were defined as the fraction of metal 
ligands which include metalloenzymes. Mason and Jenkins (1995) identified 
metalloenzymes as potential targets for Cd when this metal is accumulated in excess in 
the cell and they are involved in the majority of important cellular processes (e. g. 
respiration, protein synthesis and degradation, transcription). Moreover, the HMW pool 
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had also been reported as the major site for Cd in the clam Macoma balthica (Langston 
and Zhou, 1987) and for Zn in Corbiculafluminea. Unspecified HMW (> 100 kDa) 
proteins were found to bind more than 70% and 50% of Cd and Zn, respectively in 
bivalves (Baudrimont et aL, 2003). The initial reaction of Cd with HMW ligands may 
be followed by a response at the physiological level, whole organism and population 
level (Perceval et aL, 2004). 
After exposure in a contaminated lake, 74% of cytosolic Cd was bound to LMW 
components, whereas only 12% was bound with MT in the bivalve (Anodota grandis) 
(Couillard et al., 1995). These results suggested that the concept of saturation of MT 
followed by metal spill over into the LMW pools above a threshold and free-ion activity 
may be relevant. The distribution of minor Cd, and major Zn binding to LMW proteins 
(6.5 kDa) or small peptides were reported in Corbiculafluminea (Baudrimont et aL, 
1999). Glutathione in the brown cells of Mercenaria mercenaria is involved in 
maintaining cell membrane integrity, the oxidation-reduction balance and metal 
detoxification (Zaroogian and Norwood, 2002). The level of Cd increased after 
depuration, but Zn concentrations in the LMW pool decreased. Consequently, the 
depuration process for Zn seemed to be related to the LMW proteins (Baudrimont et al., 
2003). The molecular weight of the LMW metal binding pool is less than 1.8 kDa in P. 
grandis and about 7% of Cd in cytosol was in this protein. Furthermore, the Cu binding 
LMW proteins were related to glutathione-reductase activity. This indicated that Cu 
bound to LMW ligands would be a good predictor of oxidative stress inPyganodon 
grandis (Giguere et al., 2003). The majority of cytosolic Zn in the kidney of 
uncontaminated mussels (Mytilus edulis) was bound to a non-MT ligand with a 
molecular weight about 1 kDa. This very low molecular weight ligand was responsible 
for increasing levels of Zn in cytosol when mussels were exposed to 400 ppb Zn (Lobel, 
1989). Clearly, metal partitioning among pools has potential for detoxification metals. 
LS Comparison of tropical and temperate estuaries 
A tropical marine environment is defined as one whose minimum surface water 
temperatures are never below 20 T and they normally lie between the latitudes 28N 
and 28*S. Tropical coastal areas are under increasing environmental impact through 
greater population, industrialization and tourism. The characteristics of the tropical 
marine environment have been defined (Johannes and Betzer, 1975; Lay and Zsolnay, 
1989) in terms of fishery resources (Cooke et al., 2000; Zann, 2000), coral reefs (Jones 
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and Heyward, 2003), seagrasses (Gullstr6m et aL, 2002), biodiversity (Le Pennec: et al., 
2004; Gobin and Warwick, 2006) and environmental quality (Cooke et al., 
2000; Richardson el al., 2000). However, there have been few studies of metal 
bioavailability, particularly in comparison to temperate waters. This lack of information 
was overcome using data obtained from environmental studies carried out in temperate 
regions, which are then extrapolated to tropical environments. 
1.5.1 Sediment characteristics 
Sediments in tropical estuaries normally consists of mud from terrestrial sources which 
is deposited in lower estuary and is subsequently redistributed, depending on local 
hydrodynamics (Kamp-Nielsen et aL, 2002). Intertidal sediments in tropical sediments 
are often characterised by tropical mangrove forests that aid the oxidation of the surface 
sediments from their roots, together with prolonged exposure during low tide and an 
abundance of deeply-buffowing crab populations (Holmer et aL, 1999). Sediments in 
tropical areas are generally well mixed over the first 10 cm, resulting in little differences 
in the vertical (Kamp-Nielsen et aL, 2002). Tropical estuaries often demonstrate three 
main habitant types: mangroves, seagrasses and reef-building corals (Dorenbosch et aL, 
2006; Nagelkerken et aL, 2006). In tropical mangrove forests, sulphate reduction was 
generally less important in the terminal degradation of organic matter (2 to 44%) 
compared to subtidal sediments (Holmer et aL, 1999). The sediment sulphide 
production and sulphide accumulation in the seagrasses suggested that tropical 
seagrasses are prone to sulphide intrusion, similar to temperate seagrasses (Holmer et 
aL, 2006). 
The main characteristics of sediments from temperate estuaries often involve a thin 
surface layer of more recent, heavily bio-turbated and poorly consolidated sediment 
which is more easily resuspended (Lay and Zsolnay, 1989). In the UK, saltmarshes are 
key components of wetlands in both coastal and inland sites (Smart et al., 2006) and 
they are productive ecosystems, occupying a key role in the functioning of temperate 
estuarine systems. A saltmarsh is defined as any area of marsh with an area of intertidal 
mudflat which develops on fine-grained cohesive sediments (muds) with high water 
content and organic matter (Watts et al., 2003). 
The major sources of N and P in temperate estuaries depend on the catchment character, 
such as geology, land use, degree of urbanization, regulation of water flow (Tappin, 
2002). At higher latitudes, increased silt and clay loading is often accompanied by 
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increased organic matter and nutrient accumulation in the sediment. Thus, the organic 
material, including the biota, is usually present at considerably lower concentration in 
the tropics than in the temperate zone (Corredor et aL, 1999). Organic carbon, total N 
and P concentrations in temperate (Canadian Arctic, and Louisiana) and tropical 
(Amazon) shelf in surface sediments were compared. Temperate sediments are enriched 
in total P and organic carbon contents than tropical sediments (Ruttenberg and Gofti, 
1997). In addition, various differences were observed between the studied in tropical 
mangrove and temperate salt marsh sediments. Lower rates of release of TC02, DOC, 
ammonium and phosphate, and also sulphate reduction, were observed in tropical 
sediments with mangrove forests, compared with salt marsh sediments in temperate 
estuaries. This may be due to the higher C: N and C: P ratios of the bulk organic matter 
in the mangrove forest, leading to a higher nutrient turnover. Mangrove sediment was 
generally more nutrient poor compared with salt marsh sediment. The C: N and C: P 
ratios of organic material in the Bangrong mangrove sediment in Thailand were high 
due to bacteria activity (Holmboe et aL, 2001). 
1.5.2 Bioavailability of metals in sediments 
The occurrence, distribution, and accumulation potential of metals in the aquatic 
environment is known to depend on many factors (Section 1.2). Trace metal 
bioaccumulation may be variable as a result of different physicochemical. environments 
and histories of exposure (Wang and Rainbow, 2005). In order to assess metal 
bioaccumulation in temperate and tropical areas, species of mytilidae have been used in 
global biomonitoring from different climatic zones. The mytilidae comparisons of 
Mytilus edulis, Mytilus galloprovincialis, Mytilus trossulus and Perna viridis show 
slight variation between species of the parameters controlling bioaccumulation. After 
weight and salinity modification, the corrected data may be used to compare different 
mussels species from temperate and tropical areas (Blackmore and Wang, 2003). 
Similar mytilids analyses on other species, including Mytella guyanensis and Mytella 
strigata, have caused some difficultie's of interpretation because of interspecific 
differences. However, in some cases it appeared that geographical signal was strong 
enough to rise above inter-specific variability (Szefer et aL, 1995). Thus, the uptake 
kinetics of Cd and Zn were similar in mussels collected over large geographical 
distances and climatic zones. These studies provide important evidence in support of 
Mussel Watch Programs. 
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The temperate polycheate Nereis diversicolor has been widely used to represent the 
main ecological invertebrate species in estuarine areas and plays a key role as a major 
food source for the higher trophic levels (Demuynck el al., 1993). It appears to be 
particularly adapted to high Zn bioaccumulation (Bryan and Hurnmerstone, 1973a) and 
survived in highly polluted areas (Restronguet Creek, UK) or in pristine areas (Avon, 
UK). For toxicity testing, the LC50 of 96-h exposure to Cd and Cu in N. diversicolor 
was about 100 and 540 mg 1; 1 (Bryan, 1976), respectively. Bryan el al. (1985) has 
been investigating the polycheate as a biomonitor of metals in surface sediments. Its 
relationships have been proved as an indicator for Cd, Cu, Pb and Ni and especially for 
Cu. However, using this polycheate limited the number of metals that can be used as 
biomonitors due to its ability to regulate tissue concentrations of some metals including 
Zn, Fe and Mn. The metal concentrations in this polycheate are shown in Table 1-3. 
Wang el aL (1999) investigated assimilation efficiencies of Cd and Zn in ingested 
sediments in polychaetes which showed that most (>98%) of the Cd and Zn in the 
polychaete arise from sediment ingestion. They suggested that sediment quality criteria 
should take account of metal concentrations in sediment as it has a potentially important 
source for metal uptake in benthic invertebrates. Recently, increased tolerance of the 
polychaete to high concentrations of Cd, Zn and Cu in the Restronguet Creek (UK) 
compared to a pristine site (the Blackwater, UK), demonstrating a high secretion of 
mucus in response to metals, possibly reducing metal availability for uptake 
(Mouneyrac et aL, 2003). 
Table 1-3 Metal concentrations (gg g-1 dry weight) in the polychaete Nereis 
diversicolor. 
Sites Cd Zn Cu Ni Pb Fe Mn References 
Avon 0.14 
Gannel 12.3 
Hayle 0.47 
Restronguet 0.53 
Severn 5.0 
Tamar 0.53 
Plym 3.2 
197 19 3.3 2.1 564 11.8 
466 91 13 685 349 14.1 
260 1210 9.1 4.2 734 5.7 
262 1430 2.3 5.2 554 12.0 
2.92 81 5.4 3.3 615 9.6 
179 130 4.3 7.0 591 5.7 
(Bryan et aL, 1985) 
(Bryan et aL, 1980) 
Note: -= no data. 
In the upper Gulf of Thailand, Hungspreugs el aL (1984) attempted to determine 
correlations between metal concentrations in polycheates and in sediments of the upper 
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Gulf of Thailand. No single species of polycheates was abundant enough at all stations 
to provide sufficient material for analysis so polycheates were combined. The 
polycheate were a mixture of genera dominated by Nephthys, Glycera, Diopatra, 
Terebeffides, Euclymene and Poinospic. The highest levels of Cd, and Ni and Cu, and 
Pb levels in polycheates were found in the Petch Buri and Choa Phraya river mouths, 
respectively (Table 1-4). There has been limited research carried out on metal 
bioavailability of polycheates in the tropical region due to low density and small size. 
Table 1-4 Metal concentrations (gg g-1 dry weight) in polychaetes from river mouths in 
the upper Gulf of Thailand. 
Sites Cd Cu Pb 
Choa Phraya 0.2 42 8.4 
Ta Chin 1.0 11 4.7 
Mae Klong 0.6 2.4 6.6 
Petch Buri 2.2 15 3.4 
Ni References 
3.7 (Hungspreugs et al., 1984) 
1.9 
3.8 
7.1 
1.5.3 Cockles from temperate and tropical zones 
Many benthic organisms have the potential to bioaccumulate (Section 1.3) metals from 
sediment, including cockles. Because of their wide global distribution and importance 
as major economic fisheries and food sources, the common cockle Cerastoderma edule 
from UK and the blood cockle Anadara granosa from Thailand have been considered as 
appropriate sentinel organisms for biomonitoring. 
The common cockle Cerastoderma edule 
The common cockle C edule is one of the most abundant mollusc species in European 
estuaries. It plays a dominant role as a food source for invertebrates especially birds. 
Fishing activities for the cockle is concentrated in the coastal zones and estuaries along 
UK including south west England. The cockle fisheries contribute 10% of the total 
bivalve landings in the UK which are worth; C2-3 million (Pawson et aL, 2002). 
Cerastodenna dule occurs over a wide variety of bottom substrates, from soft mud to 
stony gravel, but is most abundant on the interidal flats of large river estuaries, 
including those of south west England. It is usually found in relatively saline areas of 
estuaries and tends to be most prevalent in sediments containing a high proportion of 
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sand. Since the cockle lives near or in surface sediment, it is consequently in contact 
with the overlying water (Hummel et aL, 1997). 
Feeding behaviour in C edule primarily involves suspension fccding, however it may 
use its siphons to deposit feed (Chcggour et aL, 2001). Their food intake is principally 
dependent on the water column (Hummel et aL, 1998). Food sources of cockles depend 
mainly on season and tidal hydrodynamics. However, there are two major sources of 
organic matter assimilated by cockles: microphytobenthos and particulate organic 
matter (Kang et aL, 1999). These basic mechanisms seem to improve the efficiency of 
energy uptake in these bivalves under poor food conditions in the water column (Rueda 
et aL, 2005). 
Spawning of Cerastodenna edule occur mainly in the spring, but may continue to some 
extent throughout the summer and autumn. The temperate cockles reach maturity and 
begin to spawn when they are about one year old, and in favourable conditions live for 
more than ten years. On commercially exploited beds a more common lifespan is 
around four to five years (Franklin, 1972). 
The reported metal levels for C. edule are shown in Table 1-5. The common cockle is 
most likely to absorb metals from solution and particulate matter. It is suggested to be 
an appropriate indicator for Cd, Ni and Pb, but it is unreliable as an indicators of Zn and 
Cu (Bryan et aL, 1985). Short-term of Cd bioavailability in the cockle was investigated 
from four sediments including iron oxide, manganese oxide, calcium carbonate and 
biogenic calcium carbonate. The results demonstrated that Cd bound to biogenic 
calcium carbonate was available to C. edule but Cd bound to precipitated calcium 
carbonate had low bioavailability. In contrast, Cd bound to iron oxide and manganese 
oxide was unavailable, at least in short-term exposures (5 days). The metal 
bioavailability seemed to be determined by metal released from the sediment (Cooke et 
aL, 1979). 
Metallothionein concentrations in the whole body were measured in common cockles 
(size 30 mm) from Ria Formosa, Portugal and the results show that NIT concentrations 
averaged 4.55 mg g" dry wt. which was similar to Ruditapes decussatus (4.29 mg g- I 
dry wt. ) from the same area (Bebianno, 1990). Recently, C edule was selected for metal 
(Cd, Zn, Cu, Fe, As and Sn) and PAH assessments in Southampton Water, UK. This 
estuary is subject to multiple chemical inputs which may exhibit chronic biological 
effects. The multibiomarker approach of exposure and of effect were measured in the 
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cockles at the molecular (esterase activities, MT, haemolymph, and PAH metabolites), 
cellular (micronucleus formation, cell viability, lysosomal stability, phagocytosis) and 
whole organism (heart rate and intersex index) levels. The results show that suites of 
biomarkers like heart rate, and lysosomal stability, distinguished between sites most and 
MT contributed the least. However, there was significantly relationship between NIT 
induction and Fe in sediment (Galloway el al., 2004). 
Table 1-5 Metal concentrations in the common cockle Ceratoderma edule (gg g" dry wt). 
Sites Cd Zn Cu Ni Pb Fe Mn References 
UK 
Poole Harbour 
Isle of Man 
Gannel 
Loughor 
Restronguet Creek 
Torridge, 
Southampton 
Ireland 
Shannon Estuary 
Calingford Lough 
Sligo Bay 
Tralee Bay 
Moroco 
Moulay 
Sidi Moussa 
Note: - =no data 
16.9 271 9 174 14 502 5 
6.3 139 10 - 371 - 
3.3 175 26 126 120 1307 317 
0.8 117 14 50 15 5518 152 
3.0 303 174 - 7.6 1692 14 
0.4 46 4 27 0.4 43 19 
2.7 152 30 117 27 3086 - 
60 8.37 13 
- 41.5 24.0 - 4.4 
- 2A8 7.31 - 1.1 
- 6.15 8.66 - 2.5 
1.57 58.3 8.77 - 18 
2.37 115 22.6 - 16 
The blood cockle Anadara granosa 
(Boyden, 1975) 
(Southgate et aL, 1983) 
(Bryan et aL, 1985) 
(Savari et aL, 199 1) 
811 2 (Oleary and Breen, 1997) 
-- (Price and Pearce, 1997) 
(CheggouretaL, 2001) 
The blood cockle, A nadara granosa, is found in China, India, Vietnam, Philipines, 
Malaysia and Thailand and cockle culture plays a major economic role with total value 
E200 million in 2002 (FAO Fishery Information, 2004). The total harvest of the blood 
cockle in Thailand between 1998 to 2002 averages 46,000 tonnes annually (Thanomkiat 
and Pawaputanon. O., 1997) and it accounted for 25% of the Thailand's total bivalve 
production in 1998 (Fisheries Economics Division, 2000). The aquaculture of cockles is 
widespread in Asia due to their rapid growth, little feed required, low investment and 
operating costs. 
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There are only a few species which have erythrocytic haemoglobin (Eapen and Patel, 
1989). Anadara granosa has red body because of the haemoglobin content and it occurs 
abundantly along mangrove foreshores on muddy or sandy sediment. The cockles are 
distributed in the middle to lower intertidal of bays and estuaries with tidal and fresh 
water inflow, weak winds and waves. This cockle can tolerate the lower oxygen 
concentrations because their blood contains haernoglobin and erythrocytes (Kawamoto, 
1928). They tolerate dissolved oxygen from 2.8-7.2 ppm and salinities from 10 to 33 
psu (Tuaycharoen et aL, 1997). The populations tend to increase with increasing organic 
matter concentration (Thanomkiat and Pawaputanon. O., 1997; Spj and Hartati, 2000) 
and the highest densities are found in soft intertidal muds (Omar and Yulianda, 2000). 
Anadara granosa feeds on detritus and microalgae which is siphoned from the mud 
water interface during periods of tidal cover. Similar behaviour has been described for 
the deposit-feeding Scrobiculariaplana (Hughes, 1969) and these factors together lead 
to the conclusion that A. granosa is a surface deposit feeder (Broom, 1982). The blood 
cockles burrow only into the surface of the mud because they have very short siphons 
(Tookwinas et al., 1985). The stomach contents of blood cockles are dominated by 
phytoplankton, predominantly algae and diatoms (Tuaycharoen, 1983). 
The maturation of A. granosa is shorter than the common cockle and it is ready for 
reproduction in 3 months, when they reach 18-20 mm in length (Sahavacharin et aL, 
1987). The minimum size for harvesting is 32 mm. within 6 months which allows the 
cockles to spawn (Tuaycharoen et aL, 1997). The spawning period of blood cockles 
depends on location; it varies from March until December in Thailand (Thanomkiat and 
Pawaputanon. O.,, 1997) and the peak of reproduction is in July. 
Data on metal concentrations in A. granosa from various locations are variable, as 
shown in Table 1-6. It appears that the levels of metals tend to be high in India and low 
in Thailand; additional analyses would be required to confirm this difference. It should 
be noted that metal concentrations in gill were higher than other tissues. In Thailand, 
blood cockle samples from the southern region exhibited highest levels of Cd, whereas 
the highest concentrations of Zn, Cu, Ni and Fe were elsewhere in the country. Blood 
cockles have been shown to be able to accumulate metals to a significant level in their 
tissues. Like other bivalves, the blood cockle exhibit most of the requirements for 
monitoring purposes, having wide geographical distribution and are easily collected as 
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well as having a sessile lifestyle. They are also of interest in understanding metal 
handling mechanisms. 
Table 1-6 Metal concentrations in the blood cockle Anadara granosa (Rg g" dry wt. ). 
Sites Cd Zn Cu Ni Pb Fe References 
Thailand 
Petchaburi 
Samut Songkhram 
Samut Prakam 
Samut Salcom 
Nakom Si Thammamt 
Ang Sila, Chonburi 
2.18 94.1 6.48 1.24 1.14 
2.35 100 5.35 1.29 1.12 
2.56 125 8.75 2.31 0.88 
1.33 105 8.33 1.33 1.33 
6.47 117 7.65 2.24 0.76 
3.36 107 2.07 - 2.11 
0.52 92.5 - - 0.24 
0.31 13.5 1.10 - 0.02 
0.51 20.4 1.62 - 0.02 
535 (Phillips and 
511 Muttarasin, 1985) 
1000 
611 
941 
- (Hungspreugs and 
Yuangthong, 1984) 
- (Muangdech, 2001) 
(Marine 
- Environment 
Division, 2003) 
Chonburi 
Bang Pakong (Bp)* 
Chao Phraya (Cp)* 
Ta Chin (Tc)* 
Mae Klong (Mk)* 
Petch Buri (Pb)* 
Tapi-Pumduang* 
Malaysia 
Buta Kawan 
Kuala Selangor 
Kuala Jaru 
India 
Bombay harbour 
Bengalbay 
Gill 
visceral mass 
Mantle 
Podium 
adductor muscle 
0.28 15.0 0.69 0.02 
0.02 17.8 0.97 - 0.02 
1.53 24.9 0.75 - 0.02 
1.58 21.6 13.0 - 0.02 
2.1 56 4.5 2.9 
6.9 64 3.4 8.4 
- 185 -- 
4.0 98.5 9.4 4.4 5.1 
(Mat et aL, 1994) 
2075 (Mat and Maah, 
1994) 
54.1 (Patel et aL, 1985) 
(Sarkar et aL, 1994) 
20 150 20 Nd 1730 
5 90 20 Nd 900 
10 120 10 Nd - 780 
5 100 10 Nd - 450 
20 120 10 Nd - 360 
Note: Nd = non detectable, -= no data, *= wet weight, Thai sample sites (Figure 2-2). 
The lethal effects of metals for the blood cockles A nadara granosa have been 
determined. The results show that the 96-h LC50 of Cd, Zn and Cu in spat of the cockles 
were 0.94,7.76, and 0.17 mg L- 1 respectively. Of the three metals, Cu was found to be 
the most toxic to the cockles (Ong and Din, 2001). Furthermore, the 96-h LC50 of Cd 
and Cu on the mature cockles was 2.94 (Chan et al., 2002a) and 0.6 mg I: ' 
(Kumaraguru and Ramarnoorthi, 1978) respectively. These indicated that the adult 
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cockle is more tolerant to Cu than spat. Only one research paper on MTs induction 
which involve in metal handling in the blood cockle was found. Chan et al. (2002b) 
investigated the induction of NIT gene in the blood cockle Anadara granosa, following 
sublethal dose (0.25 mg/L) of Cd was rapid, occurring within 4 days of treatment. This 
concentration caused significant increase in Cd levels in the gills, hepatopancreas and 
whole tissues of cockles. The preferential partitioning into the gills suggests that the 
organ is important in early Cd uptake. 
1.6 Aims of the project 
The main aims of this study were to integrate chemical and biological data for sediment 
assessments, as follows: 
e To sample and determine the characteristics of sediments, including the metal 
contents, from selected estuaries of SW England and the upper Gulf of Thailand; 
To sample and determine the total metal content of Cerastoderma edule from 
UK estuaries and the blood cockle Anadara granosa from selected estuaries in 
the upper Gulf of Thailand; 
To determine the association of metals with proteins in the organs of 
Cerastoderma edule and. Anadara granosa; 
To compare characteristics of metal binding in Cerastoderma edule with that of 
Anadara granosa; 
To develop possible bio-indicators for cockles in selected estuaries of SW 
England and estuaries in the upper Gulf of Thailand; 
To validate potential biomarkers for metallothionein and metal-bind proteins in 
organs of cockles. 
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CHAPTER 2 STUDY AREAS AND METHODS 
This study is focused on the metal contents of the polycheate Neris diversicolor, the 
edible cockles Cerastoderma edule and Anadara granosa and their associated 
sediments from selected estuaries south Devon, UK and in the upper Gulf of Thailand. 
Recently, Langston et al. (2003) described potential concerns for the health of the 
Tamar and other Devon estuaries as a result of metal inputs. The upper Gulf of Thailand 
is contaminated due to the discharges of domestic sewage, industrial wastes and 
agricultural wastes. The results of a Thai bio-monitoring programme indicated that 
among metals, Cd concentrations in bivalves exceeded human health standards (Marine 
Environment Division, 2000). 
2.1 Study areas 
The Estuaries of South Devon 
The UK estuaries in this study are in the southwest of England which is characterised by 
a rocky coastline and many estuaries along the coast (Figure 2-1). Large parts of this 
area are designated as Areas of Outstanding Natural Beauty and several estuaries, 
including the Tamar, have also been designated as Sites of Special Scientific Interest 
(Langston el al., 2003). The Plyin and Tamar are situated in the northern end of the 
open bay of Plymouth Sound, whereas the Avon is 20 kin east of Plymouth. These 
estuaries are nursery areas for sea bass and host salmonid stocks and strict measures 
have been introduced to preserve these fisheries (Pawson et aL, 2002). The Avon 
estuary has a diverse natural landscape and is not significantly influenced by human 
activities (Clason el aL, 2004). In contrast, the Plym and Tamar estuaries are influenced 
by historical mining, agriculture, industry and, until recently, sewage discharges. 
Accordingly, the Avon estuary was used as a reference site for comparison with the 
Plyin and Tamar estuaries. 
The Plym River 
The River Plym is 9 kin in length and is in the northeast of Plymouth Sound (Figure 2- 
I a). The source of the Plyrn is on the open moorland of south Dartmoor. There is a 
significant input of china clay wastes form the upper Plym estuary where sediments 
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Figure 2-1 Sampling sites from the the Plym estuary (a) and Devon estuaries (b); 
PI = Plym, Tm. = Tamar (Saltash), Av = Avon (Hexdown). 
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have a high china clay content and the upper estuary zone is often covered with white 
clay (Langston et aL, 2003). The study area starts at Chelson Meadow, a landfill site, 
which is characterised by brackish water fauna. 
Sediments and the polycheate Nereis diversicolor were collected at various times from 
four sites of the Plym estuary (Figure 2-1 a). Site A is located at the upstream sluice of 
the Blaxton Meadow. Site B is located at the downstream sluice of the Blaxton 
Meadow. Site C is located at Saltram Point. Site D is located near the outfall of the 
Chelson Meadow landfill site. The common cockle, Cerastoderma edule, was also 
collected from the mid-estuary site, Site C, where there was an extensive cockle bed. 
In the past, Cd levels in the sediments of the upper Plym were relatively high at 9.3 ýIg 
g-1 dry weight (Table 2-1) because of industrial sources (Bryan and Hummerstone, 
1973a). Lower Cd concentrations in sediments were reported in 1980 (up to 3.6 Pg g", 
dry weight). Bryan et al. (1980) found the greatest Cd concentrations in the clam 
Scrobiculariaplana (42 pg g-1, dry weight) and the polycheate Nereis diversicolor (3.2 
gg g-', dry weight), which were higher than 30 other sites in South Wales, the Severn 
Estuary, the southern Bristol Channel, Cornwall and Devon. 
Table 2-1 Metal concentrations ([tg g-1 dry weight) in sediments from the south Devon 
estuaries (- = no data, *= hydrofluoric acid digestion) 
Site Cd Zn Cu Ni Pb Mn %Fe %Al References 
Tamar - 518 436 - 299 366 37.6 
(TM) 
- 253 92 - - 239 8.4 
- 605 545 239 - - 4.9 
12.0 49 1682 15 151 295 9.87 
- 142 100 - - 1480 14.3 
- 196 125 - - 309 30.6 
- 375 316 - 167 1020 4.25 
Plym - 339 41 44 46 5.6 
(PI) 
9.3 256 -- - - 12.1 
- 184 80 - - 75 1.1 
-- - 534 25 
Avon - 99 52 - 35 253 26.8 
(Av) 
- 88 10 - - 278 3.8 
0.3 98 19 28 39 417 1.94 
- (Bryan and Hummerstone, 
1971) 
- (Bryan and Gibbs, 1980) 
- (Ackroyd et aL, 1987) 
- (Hamilton, 2000) 
- *(Turner and Olsen, 2000) 
- *(Turner el aL, 2001) 
- *(Turner, 2006) 
(Bryan and Hummerstone, 
1971) 
- (Bryan and Hummerstone, 
1973b) 
. (Bryan and Gibbs, 1980) 
6.92 *(Turner et al., 2004) 
- (Bryan and Hummerstone, 
1971) 
- (Bryan and Gibbs, 1980) 
- (Bryan et aL, 1985) 
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Whilst concentrations of Zn, Cu, Mn, and Fe were not exceptional in the sediment, 
levels of Al were described being relative high (Turner et al., 200 1). Concentrations of 
some metals in sediment such As and Hg have been described as moderate when 
compared to other areas in UK (Langston et al., 2003). Salinity, pH and dissolved 
organic carbon in seawater were 32.8,8.11 and 1.5 mg L-1 in the Plym estuary. The 
behaviours of dissolved Cd and Zn in the Plyrn estuary were investigated by Turner et 
al. (2004). The results show that particle-water interactions of Cd were controlled by 
inorganic processes because of the low organic content in the estuary. The 
characteristics of the adsorption and solid state speciation of Cd resembled that of Cd 
binding to claylike particles and was consistent with a significant fraction of kaolinite in 
the Plym sediment. In contrast, the behaviour of Zn was more related to the presence of 
organic ligands (Turner et al., 2004). 
The Tamar River 
The River Tamar flows from Dartmoor National Park into Plymouth Sound. It provides 
the dominant freshwater input, although the tributaries of the River Tavy and the River 
Lynher join the Tamar at 9.5 krn and 5.5 krn from the Sound, respectively. The Tamar 
River has a length of 78 krn in total and a tidal excursion of about 30 km. The majority 
of land usage is agricultural, with little industrial activity. However, historical mineral 
extraction has left areas of metal-contaminated land in the catchment. The lower estuary 
is dominated by the City of Plymouth, Devonport dockyard and military port (Langston 
et aL, 2003). The disposal of effluent directly to river, estuary, and the sea includes 
sewage (now considerably reduced), industrial and farm wastes. Consequently, there are 
concerns about the environmental effects from farm wastes (fertilizers and pesticides) 
and past mining (Environmental Agency, 1996) and significant of contamination from 
metals, organotin, PAHs and pesticides in sediments have been reviewed recently 
(Langston et aL, 2003). 
Metal contamination in the Tamar Estuary arises from past mining activities, including 
Ag, As, Cu, Fe and Pb, where the inputs involve remobilisation of metals by weathering 
and erosion of spoil tips and groundwater flow from old mine audits. Metals in 
sediments are well correlated with the silt content, demonstrating that grain size has a 
significant influence on contaminant levels. In the past, metal concentrations in the 
sediments showed considerable enrichment in the Tamar Estuary, e. g. Cu, Fe and Zn, 
compared to background values (Langston et aL, 2003). The metal concentrations for 
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sediments in Table 2-1 indicates considerable enrichment in the Tamar Estuary 
especially Cu, and possibly Cd, from contaminated mine wastes (Hamilton, 2000). To 
investigate contaminated levels of metals in the estuary, the cockle Cerastoderma edule 
was collected from Saltash of the Tamar estuary (Figure 2-1 b). 
The Avon River 
The River Avon rises in the south of Dartmoor National Park. The upper reaches of the 
river are intercepted by the Avon reservoir, which provides water for the general public 
in south Devon. The Avon catchment is not significantly impacted by human activity, 
apart from agriculture and the metal content of the sediments (Table 2-1) is at or near 
background (Environmental Agency, 1998). The estuary is designated as a sea bass 
nursery, salmon fishery and has managed shellfish cultivation (Pawson et aL, 2002). 
Considered clean, the river reaches the sea in the south Devon. It has little or no 
industrial waste input and limited to discharges of domestic sewage (Bamber and 
Depledge, 1997). Large parts of the estuary are rather shallow and muddy sediments are 
evident at low tide. In this study, the cockle Cerastoderma edule was collected from 
uncontaminated site at Hexdown of Avon estuary (Figure 2-1 b). 
2.1.2 The Upper Gulf of Thailand 
Thailand is in the tropical zone between latitudes 6' and 21' N and longitudes 98' and 
106' E. It has 2600 km of coastline from the westerly Andaman Sea to the easterly Gulf 
of Thailand. The Gulf of Thailand extends from the shallow western part of the South 
China Sea to the northwest between the Malay Peninsula and Indo-China. It is a semi- 
enclosed sea, covering an area of about 320 000 kmý, with average and maximum 
depths in the central part of about 45 m and 75 m, respectively. The upper Gulf located 
at the innermost area has an inverted U shape (Figure 2-2) and seawater temperatures 
vary from 23 -32 *C (Boonyatumanond et aL, 2006). 
The upper Gulf is relatively shallow with an average depth of 15 m and the large fluvial 
inputs contribute to a relatively low salinity (30.5-32.5 psu) and muddy sediments. The 
Gulf is fed by saline water from the South China Sea which upwells and mixes with less 
saline waters in the coastal waters. The magnitude and the extent of the surface gradient 
of salinity and turbidity in estuaries is a function of seasonal variation in river discharge 
(Nozaki et al., 2001). The variability of water masses in the Gulf is also influenced by 
tropical monsoon winds from the northeast from November to January, and for the rest 
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of the year from the southwest. During January and February, currents throughout the 
Gulf are at their weakest, with little mixing of upper and outer Gulf water masses. From 
March to August, anticlockwise circulation predominates in the outer Gulf, and 
BANGKOK 
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Petch Buri Pb 20 km. 
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Figure 2-2 Sampling sites in the upper Gulf of Thailand; the Map Ta Phut industry 
estate (Mp), the Bang Pakong estuary (Bk), the Chao Phraya estuary (CpA = site A, 
CpB = site B), the Ta Chin estuary (Tc), the Mae Klong estuary (Mk), and the Petch 
Buri estuary (Pb) 
penetrates into the upper Gulf. In September, the circulation direction reverses to 
clockwise in the outer Gulf, initially producing clockwise current in the inner Gulf By 
November the flow in the upper Gulf becomes anticlockwise. On the whole, currents in 
the Gulf are generally weak and variable and it is poorly flushed. In the upper Gulf, 
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little mixing occurs between coastal and offshore waters. As a consequence of these 
comparatively static conditions, contaminants discharged into the inner Gulf may 
accumulate (Wattayakom et aL, 1998). The Gulf is a major resource for economic 
activities including fishing, intensive aquaculture, oil and gas extraction and extensive 
tourism. Marine pollution from anthropogenic activities is causing decreases in species 
diversity of aquatic organisms, eutrophication, PAH and metal contaminants in the Gulf 
(Cheevaporn. and Menasveta, 2003; Islam and Tanaka, 2004). Four major rivers flow 
into the upper Gulf namely, the Mae Klong, Ta Chin, Choa Phraya, and Bang Pakong. 
Among them, the Choa Phraya is the largest and the most contaminated river in this 
region. In general, the major sources of contamination are urban areas, industry, and 
agriculture, with the proportion from each source varying from river to river. The main 
source of contamination in the Choa Phraya River is domestic wastes from urban areas, 
whereas industry and agriculture are significant inputs for the Ta Chin and Bang Pakong 
rivers. Agriculture is the principle source for the Mae Klong River (Simachaya, 2003a). 
The east side of the upper Gulf is being developed, particularly in the Map Ta Phut 
Industrial Estate (Pollution Control Department, 1999). Along the western coastline, the 
Petch Buri River is mainly affected by domestic waste and industries (Marine 
Environment Division, 2000). Overall, the main land base source of contaminants in the 
upper Gulf of Thailand is domestic sewage from urban communities (Chia, 2000), 
tending to be rich in nitrogen (Lester, 1996). 
Heavy metal determinations have been made in selected areas of coastal waters and 
sediments, particularly where high riverine inflows carry a highly suspended load of 
municipal and industrial waste (Table 2-2). Elevated concentrations were not found for 
Cr, Cu, Zn. The 21OPb dating of sediments showed there had been accumulation of Cd 
and Pb in the upper 15 cm layers over the past 30 years. Cadmium and Pb 
concentrations in sediments from the estuaries ranged from 0 to 6.7 ýtg g-1 and 14 to 
84.5 pg g-1 respectively (Hungspreugs and Yuangthong, 1984). 
The Map Ta Phut Industrial Estate 
The Map Ta Phut Industrial Estate is located on east coast of Thailand, 200 krn from 
Bangkok. Established in 1989, it is the national petrochemical and heavy industry centre 
with more than 100 factories and deep water harbours (Thongra-ar and Parkpian, 2002). 
As part of the industrialization of this region, the rice fields and agricultural areas have 
been converted to factories and industrial complexes and some coastal areas have been 
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converted to shrimp farms and transformed to allow the expansion of tourism. The 
Industrial Estate contributes to the contamination in the Gulf of Thailand. 
Table 2-2 Metal concentmtions in filtered water ([tg L-) and sediment (ýtg g-1 dry wt. 
for Cd, Zn, Cu, Ni, and Pb and mg g-1 dry wt. for Mn, Fe and Al) in the upper Gulf of 
Thailand base on nitric acid digestion (Nd = not detectable, -= no data, 
*=hydrofluoric 
acid digestion) 
Site Cd Zn Cu Ni Pb Mn %Fe %Al References 
Map Ta Phut (Mp) 
Seawater 0.03 4.4 9.8 
Sediments 0.16 19 6.05 
Bang Pakong (Pk) 
Sediments 0.09 26 630 
Pore water 0.15 26 97 
Surface water 0.03 8.8 4.7 
Sediments 0.4 47 14 
Chao Phraya (Cp) 
Water 0.6 20 5.5 
Sediment 0.38 5.06 2.70 
Seawater 121 177 68 
Sediment 5.18 107 24 
Sediment 2.37 164 17.4 
9.7 
3 
(Pollution Control 
Department, 1999) 
5.4 1074 16.4 
13 21 2160 220 
1.1 Nd 0.07 0.05 
15 27 -- 
(Hungspreugs et al., 
1990) 
* (Cheevapom et al., 
1995) 
* (Cheevapom et al., 
1994) 
16.2 
2.49 
242 
125 
Sediment 17.5 95.0 37.5 - 28.3 
- (Menasveta and 
- Sawangwong, 1978) 
- (Polprasert, 1982) 
(Chanpongsang, 1982) 
(Menasveta and 
Cheevaparanapiwat, 
1981) 
Sediment 0.49 - (McLaren et al., 2004) 
Ta Chin (Tc) 
Sea water 2.3 24.5 18.3 - Nd - (Marine Environment 
Sediment 0.5 72.3 22.4 - 36.9 - Division, 2000) 
Mae Klong 
(Mk) 
Sea water - 11.2 21.1 16.6 - (Censi et aL, 2006) 
SPM - 68.3 9.77 55.3 - 
0.41 76.5 7 
Sediment - 368 84.6 225 - 7.94 56.3 
Phetch Buri 
(Pb) 
Sediment 10 - 10 30 5.2 20 20 32 
: (Windom et al., 1984) 
Sea water - 13.6 11.9 10.9 - - - (Censi et aL, 2006) 
SPM - 61.4 5.26 37.9 - 
0.28 53.8 - 9 
Sediment - 376 90 229 3.39 28.8 - 
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In Thailand, coastal water quality standards for metals exist for several classes of water 
use, including coral conservation, conservation of natural areas, aquaculture, and 
industrial zone (Pollution Control Department, 1994). In 1996, there were maximum 
reported values of 0.27 mg 1: 1 Cd, 0.58 mg/L Cr, 0.13 mg/L Cu and 0.26 mg/L Pb 
which were exceedences of Thai coastal water quality standards (! ý 0.005 mg L-1 Cd, :5 
0.1 mg L" Cr and < 0.05 mg L-1 Cu) (Pollution Control Department, 1999). However, 
concentrations of metals in coastal water samples collected during 2006 was below 
these standards (Pollution Control Department, 2006). 
For marine sediment, environmental quality guidelines from three jurisdictions which 
were considered appropriate for tropical marine coastal habitat were used for 
comparisons to observed metal concentrations: USA - Florida, Hong Kong, and 
Australia and New Zealand. In the Map Ta Phut area, exceedences of sediment quality 
guidelines were observed for As, Cu, Pb, Hg (total), and Zn (Pollution Control 
Department, 1999). 
The Bang Pakong River 
The Bang Pakong River flows into the northeast, upper Gulf of Thailand. The majority 
of land use is for vegetable and paddy farms. The most important point sources include 
effluents from industrial and municipal wastewater treatment plants as well as leakage 
from solid waste sites. There are 1,380 industrial enterprises in the basin (Department of 
industrial Works, 2002), including food processing, the production of textiles, leather 
fabrics, wood fibre, chemicals, metals, non-metals, motor vehicles and special material 
industries. A significant amount of waste discharged into the river is organic in nature 
and is generated by urban areas, industry, pig farms, and aquaculture; although it is 
believed that it is a major source of metal contamination. 
These activities have caused an increase in nutrient concentrations. Water quality 
problems arise from moderate BOD concentrations giving rise to low dissolved oxygen 
levels and high coliform counts. Metals, such as Fe, Mn, Pb, Cd, and Cr, are found in 
the river sediments (Sukyirun, 2004) and some metals have decreasing concentrations 
upstream from the river mouth. The baseline concentrations of Cd, Zn, Cu, Pb, Ni were 
0.3,26,7,12, and 10 gg g -1 dry weight, respectively. The concentrations of Cd, and Ni 
showed slight vertical variation in core sediments, although there was enrichment of Cu, 
Pb and Zn in the surface sediment (Cheevaporn et aL, 1994). Metal enrichment in 
surface sediments may be a consequence of diagentic processes in the sediment, 
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including the vertical diffusion of dissolved metals in pore waters (Cheevaporn et al., 
1995). Such enrichments were partly due to industrial developments over the past 30 
years (Cheevapom et aL, 1994). 
The Choa Phraya River 
The Choa Phraya River is the longest river in Thailand and accounting for roughly a 
half of the total freshwater discharge into the northern Gulf of Thailand (Nozaki et aL, 
200 1). Its discharge is influenced by monsoon rains. It supports more than 13 million 
people in a variety of uses, including drinking and irrigation (Simachaya, 2003a) and its 
water quality is greatly affected by domestic, agricultural, and industrial discharges 
contributing 70 percent, 25 percent, and 5 percent to the waste load, respectively 
(Boonyatumanond et aL, 2006). The industrial discharges including electroplating, 
battery, plastics, resin, paint and ink manufacturers are the major inputs to the estuary 
(Simachaya, 2003a; McLaren et aL, 2004). Generally, the waste discharged to the river 
affects dissolved oxygen, BOD and levels of fecal coliform bacteria (Simachaya, 
2003a). 
Metal contamination in water, sediments and organisms of the river were first reported 
by Menasveta and Sawangwong (1978). Cadmium, Cu and Pb concentrations were 
enriched in surface sediments of the estuary compared to background concentrations 
(Menasveta and Sawangwong, 1978; Polprasert, 1982; Hungspreugs and Yuangthong, 
1983; Hungspreugs et aL, 1984). McLaren et al. (2004) reported that Cd contamination 
in the Chao Phraya River is related to seasonal high water levels and sediment flushing. 
The concentrations of Cd in the residual sediment fraction were higher in 
uncontaminated sediment. In contrast, Cd in contaminated sediments appeared to be 
more associated with the organic and carbonate fractions. The concentrations of metals 
(As, Cu, Pb, Zn Cd and Cr) and PAHs in sediment and seawater showed relationships 
with distance from the Choa Phraya river mouth (Pollution Control Department, 1999). 
Recently, concentrations of Cd and Zn in sediments and bivalves were elevated over 
background levels in the Choa Phraya estuary (Marine Environment Division, 2000). 
The Ta Chin River 
The Ta Chin is a tributary of the Choa Phraya River, which is the second most 
important freshwater input in Thailand. Seventy-six percent of the Ta. Chin River Basin 
is used for agriculture. In general, community, industry, and agriculture contribute 30 
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33 % and 47 % to the waste load, respectively. Pig farms are the major source of 
contamination in the upper river, while industry is a major source of contamination in 
the lower river (Simachaya, 2003a). 
Environmental concerns about the river include water quality, soil erosion and 
ecological deterioration. There are about 200 industrial locations near the river mouth, 
including metal processing, textile/leather production and food processing. This affects 
the dissolved oxygen and nutrient levels (Kaewkrajang, 2000). According to the State of 
Environment Report for 2000-2002 showed that the Ta Chin River was ranked as the 
most contaminated in the country. The Ta Chin River has experienced a serious 
contamination event, resulting in massive fish kills and critical pollution levels 
(Simachaya, 2003b). The metal concentrations in water and sediment in this estuary 
have seldom previously been reported (Hungspreugs et aL, 1984). Recently, the Marine 
Environment Division (2000) found that Pb and Zn in sediments and Zn in fish and 
cockles were high. 
The Mae Klong River 
The Mae Klong River originates in a forested area of Thailand's west mountain range. 
The river is generally alkaline (pH 7.7-8.0) and there is a potential for metals to 
precipitate or deposit from the dissolved phase. Metals, such as Cd, Zn, Cu, Pb, Fe, Mn 
and Al are precipitated after passing the estuarine interface. As the gradient of the Mae 
Klong river bed is steep in the upper half of the river, the salinity intrusion does not 
reach further than 40 km upestuary and sediment deposition occurs near the river mouth 
(Hungspreugs et aL, 1990). 
Factories, mainly sugar mills, are located on the banks of the river. After an incident in 
1977, when effluent from a sugar cane plant led to eutrophication and a fish kill, a waste 
water treatment plan was constructed. This led to dramatic improvements in water 
quality. However, fecal coliform. bacteria contamination is high during the dry season 
due to sewage discharge from heavily populated urban areas. Metals (Cd, Cu, Cr, Ni 
and Ni) in sediments were lower than water quality standards (Simachaya, 2003a). 
The Petch Buri River 
Sediments on the western coast of the upper Gulf of Thailand are mainly clays and 
previously there were dense mangrove forests. Nowadays, most of the mangrove has 
been converted to aquaculture, such as shrimp and mussel farms. This area has not been 
50 
Chapter 2: Study areas and methods 
heavily industrialized, although land is used for tourism. In the past ten years, the water 
quality in the river was generally within the coastal water quality standards. The levels 
of dissolved oxygen, BOD and fecal coliform bacterial rarely exceeded the standard, 
except around the municipal and agricultural areas. Metal levels are mostly within the 
standard except for Mn and Fe (Water Quality Management Bureau, 2006). 
Overall summary and comparison of estuarine conditions in the study areas 
Compared to the estuaries of the UK relatively little is known about the estuaries of the 
upper Gulf of Thailand. Therefore, data was compiled to compare the hydrological and 
physical characteristics of these temperate and tropical estuaries in order to distinguish 
their main differences. Table 2-3 shows that the river systems in south Devon are 
smaller than river systems in the upper Gulf of Thailand. In contrast, the estuaries of 
south Devon are macrotidal and the tidal ranges were higher than in the upper Gulf of 
Thailand. The Chao Phraya River covers the largest catchment area. Moreover, the 
lower water temperatures (8-17 'C) in south Devon estuaries are significantly different 
to the upper Gulf of Thailand (25-33 'C). Alkaline waters, with pH ý: 8.0, were found in 
both study areas, i. e. in the Tamar, Ta Chin, and Mae Klong rivers, while pH<7 was 
found in the Bang Pakong River. Generally, dissolved oxygen concentrations in south 
Devon estuaries were higher than rivers in the upper Gulf of Thailand, possibly due to a 
better control of domestic/sewage discharges. However, metal concentrations (Cd, Zn, 
Cu and Fe) in south Devon estuaries were elevated compared to those in the estuaries in 
upper Gulf of Thailand. The degree of metal contamination in south Devon estuaries 
was in the order Tamar > Plym. > Avon. For the upper Gulf of Thailand, the metal 
contamination was in the sequence of Chao Phraya > Ta Chin > Bang Pakong > Petch 
Buri > Map Ta Phut > Mae Klong. 
2.2Sampling and methods 
2.2.1 Metal bioavailability 
Sampling and pre-treatment 
In each estuary the sediment sampling was undertaken at sites in the intertidal. zone (see 
Figures 2-1 and 2-2), at low tide. Oxic surface sediments (0-2 cm depth) were taken 
with a clean plastic spatula, while sediment cores were taken with a PVC tube (6 cm 
diameter x30 cm long) and frozen, at -I 8*C, until analysis. 
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In the laboratory, each sediment core was defrosted, extruded from the tube and divided 
into five segments; 0-2,2-5,5-10,10-15, and 15-20 cm. This sub sampling was 
performed under anaerobic conditions in a nitrogen-filled glove box to prevent 
oxidation. The sediment segments were wet sieved through a 100 gm nylon mesh sieve 
using 50% native estuarine water. Sediment samples have been standardized on a grain 
size 100 gm nylon mesh, because most metals tend to be concentrated on fine particles, 
which is equivalent to material carried in suspension and incorporates the full range of 
particle types processed by a wide variety of suspension-feeders and detritivors. 
Furthermore, some sediment digests, e. g. IM HCI, were carried out on moist sediments 
because this has been shown to give a better assessment of metal bioavailability 
(Langston et al., 1999). In order to obtain dry weight concentrations from wet sediment 
digests, a separate portion of the wet sediment was dried at 50'C overnight. In all other 
cases, the sieved wet sediments were freeze dried, after which they were ground to fine 
powder, using an agate mortar and pestle, and stored in plastic bag at room temperature 
prior to analysis. 
The animals used in the study were also collected from the sites shown in Figures 2-1 
and 2-2. They were cleaned by incubating in fine sand (Sand 40-100 mesh; Fisher 
Scientific) immersed in 50% seawater and were aerated in separated basins for each site 
for one week. The seawater was renewed using 50% seawater every day. This procedure 
was used to remove sediments from the organism gut (Bryan and Hummerstone, 1971). 
Afterwards, the organisms were freeze dried for 48 h and then ground with a pestle and 
mortar. 
Total metal extraction 
In this study, freeze dried sediments and organisms were digested in concentrated HN03 
assisted by microwave irradiation, which provides an approximate "total" metal value. 
Prior to use, the sealable Teflon digestion vessels were cleaned using approximately 5 
ml of concentrated HN03 and the vessels were sealed securely using the plastic spanner. 
The vessels (four at a time) were placed in the microwave oven (MATSUI MS- 
106WH/MS-106SL, 700 W) and irradiated at medium power for 2 minutes. Afterward, 
the vessels were removed from the oven and allowed to cool for 15 minutes before 
being opened. Then, the vessels were rinsed with Milli-Q water and allowed to dry in a 
laminar flow hood. 
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For the sediment and organism digests, approximately 0.5 g of the dried sediment or 
dried organism was accurately weighed into a digestion vessel. Concentrated HN03 (5 
ml) was added and the vessels loosely capped and left overnight for effervescence to 
cease. Subsequently, the vessels were capped securely using a plastic spanner and 
heated in the microwave oven set at medium power for 30 seconds per vessel. The 
organism samples were irradiated until the liquid in the vessels turned a green colour, 
indicating that digestion was complete. After cooling, the digests were transferred 
quantitatively to 25 ml volumetric flasks (Class A) and made up to the mark with 25 ml 
with Milli-Q water. 
Bloavailable fraction of metals 
Partial sediment extractions are an attractive alternative to total digestion because they 
are simple and they target labile phases containing metals and may closely correlate 
with a bioavailable fraction of metals. Dilute HCI is often used for partial metal 
extraction because it is a strong acid that will attack key labile and organic phases in the 
sediment matrix (Agemian and Chau, 1977). A concentration of IM HCI has been 
proposed as a suitable concentration (Polic and Pfendt, 1996) which has a limited 
impact on the residual clays or sulphides (Hall, 1998) and corresponds well with 
ecotoxicity data (Luoma and Bryan, 198 1). National sediment quality guidelines, 
including those of Australia and New Zealand, have recommend the use of IM HCI for 
sediment assessment purposes (ANZECC and ARMCANZ, 2000). 
The freshly sieved (<100 gm) wet sediment samples, 2 ml, were dosed with 20 ml of I 
M HCI and each sample was continuously stirred for 2 hours at room temperature. 
Subsequently, the extract was separated from the sediment by filtration through a 0.45 
gm poresize membrane filter. The water content of the sediment was determined by 
drying a separate sub-sample at 80"C for 24 h. This enabled the expression of results on 
a dry weight basis (Bryan et aL, 1985). 
Proteinase-K extraction 
Proteinase K is a non-specific, proteolytic enzyme that is representative of the enzymes 
encountered in many deposit-feeding organisms (Mayer et aL, 1997) and which is 
active under neutral conditions, has been employed previously to provide an operational 
measure of the availability of amino acids in sediment. In the current study, a method of 
determining the bioavaliable protein content of sediments has been modified in order to 
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investigate the ability of Proteinase-K to mobilise metals from contaminated estuarine 
sediments. The method defined "protein" as peptides larger than 7-15 amino acid 
residues that were extractable from sediment in NaOH (Mayer et aL, 1995). 
Approximately, Ig of sieved (<100 ýLrn) and freeze-dried sediment was accurately 
weighed into acid-cleaned polypropylene centrifuge tubes. Ten mL of 0.1 M sodium 
phosphate buffer, adjusted to pH 7.5 with NaOH, were added to each tube and the 
contents allowed to equilibrate for I hour at room temperature. This time was defined as 
the "starting point" of the extraction (t--O). Then, 0.1 mL of I% w/v of Proteinase-K 
was added to the buffer plus sediment of the "starting point" extraction. The mixture 
was incubated on an orbital shaker for 18 hours at room temperature (20 *Q. As a 
control, three replicates of each sample were extracted without added enzyme. In total, 
120 incubations were undertaken. After the 18 hours, the supernatants were filtered 
through 0.45 tim poresize membrane filters. The filters were washed with a few mL of 
Milli-Q water and the filtrates were diluted to exactly 25 ml, in volumetric flasks, 
before being transferred to 30 mL screw capped polyethylene tubes. Then, 0.1 mL of 
concentrated HCI was added to act as a preservative and the extracts stored for metal 
analysis. 
Determination of acid volatile sulphide and simultaneously extracted metals 
The SEM is the sum of the molar concentration of metals that are simultaneously 
extracted from sediment during a cold-acid extraction compared with the molar 
concentration of sulphide that is volatilized during the same extraction. Ratios of 
ESEM/AVS >I are interpreted as being potentially toxic because the extractable 
sediment metal concentration has exceeded the amount of reactive sulphide present 
(U. S. EPA., 2001). 
The sediment sections were sub sampled in triplicate from the middle-depth segments 
for each sample in a nitrogen-filled glove box to prevent oxidation. A train of 5 flasks 
was connected to a source of "White Spot" N2 gas and flow controller (Figure 2.3). 
About 4g of sediment was accurately weighed into a 100-ml round bottom flask 
containing 50 ml of deoxygenated Milli-Q water. The system was purged for 10 min 
with N2 gas, after which the gas flow was stopped while 10 mL of 6M HCI was 
introduced into the flask by syringe through the septum on the flask. The pH of the 
solution caused the conversion of S2- to H 2S. The H2S was flushed from solution by 
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purging the sample with N2 gas, at a flow rate of 200 cm 3 min-', for 30 minutes while 
the sample was magnetically stirred continually. The volatilized H2S generated was 
trapped in 40 mL of 0.5 M NaOH in a 60 ml tube. Then, 10 mL of mixed diamine 
reagent (MDR) was added to the traps. The reagent was mixed with two components. 
Component A consisted of 33 mL concentrated H2SO4 in 17 mL of MilliQ water and 
after cooling 0.1125 g of N, N-dimethy-p-phenylenediamine oxalate was added. 
Component B was made by dissolving 2.7 g FeC13 hexahydrate in 50 mL concentrated 
HCL, diluted to 100 ml with MilliQ water. The mixed solution was transferred to a5 0- 
ml volumetric flask and was allowed to react for 30 mins. 
-U Otaotff as in et 
2 2. Gas outlet 
3.1 M hydrochloric acid 
4. Sediment sample 
5. Buffer trap 
5 
Figure 2-3 Schematic of experimental apparatus, the entire train was continuously 
purged with nitrogen gas to maintain anaerobic condition; adapted from (Mahony et aL, 
1996). 
After the extraction was completed, the acid in the round-bottom flask was filtered 
through a 0.45 pin pore size membrane filter. The amount of sulphide was determined 
by its reaction with N, N-dimethyl-phenylenediamine which forms methylene blue, 
which was determined by measuring the absorbance at 670 nin using a uv/vis 
spectrophotometer. Calibration standards were prepared from sodium sulphide (Na2S- 
H20) (Allen et aL, 1993). The moisture content of the samples was determined for each 
sample so that results for [AVS] may be presented as ýtmol g-1 (dry weight). 
Metal analysis 
In this study, all glassware and plastic ware were soaked in dilute acid prior to use in the 
metal analyses. All the chemicals used for extraction experiments were ARISTAR grade 
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and ultrapure water (Milli-Q) with a quality of at least 18 MCI was used for washing and 
solution preparation. The precision of the analysis was detennined by analyzing the 
metal concentrations of sediment and biota samples in triplicate. 
All sediment and organism extracts were analysed trace metals, Cd, Cu, Pb, Ni and Zn 
by inductively coupled plasma-mass spectrometry using a Plasma Quad PQ 2+ (Thermo 
Elemental, Winsford). The 100gg L-1 1151n was added to all solutions for internal 
standardisation, and to minimise interferences 35CI+, 3% N2 was introduced into the 
nebiliser gas. The major metals, Fe, Al, Mn were analysed by inductively coupled 
plasma-atomic emission spectrometry using a Liberty 200 (Varian, Oxford). Samples 
were analysed after the instrument had been calibrated with multi-element standards 
solutions prepared in 10% HN03. The accuracy of the sediment and organism analyses 
were evaluated by comparing the metal concentrations of the certified reference 
materials both from the National Research Council, Canada, i. e. MESS-3 (sediments) 
and TORT-2 (Lobster, TORT-2, ), respectively. The analytical results for MESS-3 
(Table 2-4) and TORT-2 (Table 2-5) exhibited satisfactory recoveries with respect to 
the certified values, with recoveries higher than 80 % for Cd, Zn, Cu, Pb, Ni and Mn. 
However the results for Fe and Al in sediment analysis did not agree with the certified 
values. 
Carbon and nitrogen analysis 
The sieved, freeze-dried sediments were analysed for total and organic carbon, and 
nitrogen. Prior to the determinations of particulate organic carbon, a portion of the 
sieved, freeze-dried samples were treated with IM HCI, washed with Milli-Q water and 
freeze-dried. Approximately 10 ing of each were weighed accurately into tin capsules in 
triplicate. Total and organic carbon and nitrogen were analysed by using a Carlo Erba 
EA 1110 automatic CHN Analyser. The instrument was calibrated using acetanilide; 
empty capsules were run as blanks. The CHN response factors were determined by 
analysing EDTA standards. The accuracy of the measurements was checked using the 
certified reference material (PACS-2; National Research Council, Canada). Results 
showed that CHN analysis were accurate to within 10% of certified values. The 
instrument was recalibrated every five samples. 
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Table 24 Comparison of the accuracy of the analytical method by comparison with MESS- 
3 (values are means ± standard deviation). 
Metal Certified Measured Recovery Reproducibility Detection 
(n = 3) limit 
(Pg ;, ) 
Cadmium 0.24 ± 0.01 0.24+0.03 100 12.5 0.002 
(pg g-1 dry wt. ) 
Zinc 159+8 171+8 108 4.7 0.002 
(Vg g-1 dry wt. ) 
Copper 33.9 ± 1.6 27.4 ± 1.2 81 4.4 0.02 
(pg g*1 dry wt. ) 
Lead 21.1 ± 0.7 19.3+1.8 92 9.3 0.01 
(pg g-1 dry wt. ) 
Nickel 46.9+2.2 38.3 ± 2.4 82 6.3 0.02 
(pg g-1 dry wt. ) 
Manganese 324+12 341+1.72 105 0.5 0.004 
(Vg g-1 dry wt. ) 
% Iron 4.34 ± 0.11 3+0.47 70 15.7 0.05 
(pg g-1 dry wt. ) 
% Aluminium 8.59 + 0.23 5.96+0.72 69 12.1 0.02 
(pg g-1 dry wt. ) 
Table 2-5 Comparison of the accuracy of the analytical method by comparison with 
TORT-2 (values are means ± standard deviation). 
Metal Certifled Measured Recovery Reproducibility 
(n = 3) NN 
Cadmium 26.7+0.06 23.1+1.2 87 5.2 
(pg g-1 dry wt. ) 
Zinc 180± 6 145 ± 14 80 9.7 
(pg g-1 dry wt. ) 
Copper 106+10 106+10 100 9.4 
(pg e dry wt. ) 
Lead 0.35 ± 0.13 0.4+0.1 115 25 
(pg g-I dry wt. ) 
Nickel 2.5+0.19 2.4+0.5 98 20 
(gg g-1 dry wt. ) 
Iron 105 ± 13 86± 20 81 23 
(pg g-1 dry wt. ) 
2.2.2 Metal binding and metallothionein determinations 
Several methods of metallothionein (MT) determination that have been proposed 
(Amiard et aL, 2006), as follows: - 
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chromatography: which is generally identified by NIT behaviour and metal 
content as a heat stable protein. It can distinguish between different isoforms of 
MT. However, it is time consuming which precludes its use for large numbers of 
samples (George and Olsson, 1994). 
Differential Pulse Polarography (DPP): which measures the SH content of NIT 
and can be used for effects of several metals. In general, this method produces 
high sensitivities during the determination of the total MT concentration. 
Polarography is a good method where there is a diversity of isoforms. However, 
there is the necessity of removing interfering high molecular weight SH 
containing proteins, otherwise, the MT concentration is probably an 
overvaluation of the true concentration. Thus, increased purity within the sample 
is required (Dabrio et aL, 2002). 
immunology methods use antibodies in radio immunoassays (RIA) or enzyme 
linked immunoassays (ELISA). These methods are very sensitive and are 
capable of measuring MT at low levels. However, the low immunogenicity of 
MT and the risk of polymerisation together with the loss of bound metals, could 
lead to lower detection efficiency (Dabrio et al., 2002). 
quantification of MT mRNA: which uses complimentary nucleic acid probes for 
determination of MT messenger RNA (mRNA) levels. This molecular biological 
approach has very high sensitivity, and it enables detection of a cellular response 
to levels of metal (George and Olsson, 1994). However, the expression of NIT 
levels is not implicit from the presence of endogenous MT mRNA levels in 
tissues (Carginale et al., 1998). 
Despite the availability of various methods, it is difficult or impossible for inter- 
comparison of results which are often obtained in various units (Dabrio el at, 2002). 
Comparison between DPP and metal saturation methods showed that they were in 
relatively good agreement. However, the DPP results can be higher than the saturation 
methods (Onosaka and Cherian, 1982). Therefore, the quantification of the NIT can be 
compared strictly only when they have been obtained with the same analytical 
technique. 
In this study metallothionein-like proteins and MT concentrations were determined 
using DPP, adapted from Bebianno (1990), and is based on measurements of heat-stable 
thiolic groups in the protein. It is a sensitive technique which allows rapid estimation of 
MT concentrations. The major advantage of DPP is that the analyses are not influenced 
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by the metal composition of MT (whereas metal saturation assays are). Specificity is 
highly dependent on sample preparation. Heating and centrifugation of the 
homogenates/cytosol extract and the use of an ammonium hydroxide buffer containing 
Co (Brdicka buffer) make it possible to quantify the thiol groups of MT with negligible 
interference from other sulfydryl-containing compounds. A calibration curve is 
required, preferably with the specific MT to be quantified. This could be a disadvantage 
of the method because if one chooses to purify a quantity of MT from the study 
organism, isolation and purification procedures can be time consuming (Campbell, 
2003). 
Sampling and preparation 
The common cockle Ceratoderma edule was collected from the south Devon estuaries 
in March and April 2006 (Figure 2.4a) and the blood cockle Anadara granosa was 
collected from the upper Gulf of Thailand in March and April 2005 (Figure 2.4b). In 
order to depurate the sediments from the guts of the cockles, they were incubated in 
50% seawater and aerated in separated basins for each site for several days (see Section 
2.2.1). Afterward the organism samples were frozen and stored at -80'C prior to 
analysis. Frozen cockles were thawed and the shell lengths measured with a calliper to 
the nearest 0.1 mm. 
In this study, shells were discarded and tissues from individual cockles were dissected 
for gills, guts, foots and remaining tissues as shown in Figure 2-4. Initially, foots were 
dissected from the end of cockles. The organ was observed oviously when living 
cockles moved in sediments. After mentle tissues were opened, gill filaments were 
visible dissected from the middle of cockles. Then, guts which appeared as the gay 
color tissue under gills were dissected. The remaining tissues were defined as bodies. 
Fifteen cockles from each site were divided into three replicate, thus tissues (gills, guts, 
foots and bodies) from five cockles were pooled (five cockles per replicate). 
Homogenizing and extraction 
Szpunar (2000) reviewed sample extraction procedures for MT analysis and suggested 
that soluble extract and homogenates of tissues should be prepared in an appropriate 
buffer. Neutral buffers were usually used for the extraction since Zn starts to dissociate 
from protein complexes at pH 5 and Cd and Cu are removed at lower pH values. A 10- 
50 mM Tris-HCI buffer between pH 7.4-9.0 was the most common choice. In addition, 
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Exhalent siphon 
; iII 
- Inhalent sliplion 
(a) The common cockles Cerculotlei-niti e(hile (University of Bristol, 2005), sampled 
organs are in bold. 
Alalent Siphon 
Inhalent siphon 
(b) The blood cockle Anaclcirci grtinosu (Asia Institute of Technology, 2000), sampled 
organs are in bold. 
Figure 2-4 Organs of the common cockle (a) and the blood cockle (b) 
MI's are prone to oxidation owing to their high cysteine content. Disulfide bridges are 
then forriled and MTs either copolymerize or combine with other proteins to move Into 
the high molecular weight fraction. Therefore, the homogenization of tissues and tile 
subsequent isolation of MTs should nornially be performed in deoxygenated buffers 
and/or in the presence of a thiolic reducing agent. B-Mcrcaptocthanol was usually added 
as ail antioxidant. Other components added during homogenization included 0.02% 
NaN03 (ail antibacterial agent) and phenylmethanesulfonyl fluoride (protcase inhibitor) 
(Szpunar, 2000). However, Bebianno ( 1990) investigated the use ofprotease inhibitors 
such as phenylmethanesulfonyl fluoride and 2 rnM 2-niercaptoethonal which prohibits 
formation of disulphide linkages in NIT detcr-mination. The results showed that no 
61 
Chapter 2: Study areas and methods 
significant changes were detected in the NIT concentrations and, consequently, no 
components to protect oxidation of samples were added in this study. 
For protein extraction, the four tissues from five cockles were pooled and transferred 
into pre-weighed glass vials, and weighed. Gill, gut and foot tissues were homogenised 
in 5 mL of 0.02 M Tris-HCI buffer (pH 8.6) in an ice bath and remaining tissues were 
homogenised in 20 mL of the buffer. 
A sub-sample of each homogenate was dried in 80 T for at least 24 h until a constant 
mass was achieved to determine the dry to wet weight ratio. Total metal concentrations 
in tissue fractions of gills and gut, foot and remaining tissues were determined. The dry 
homogenate was digested using 5 mL of concentrated HN03 (AristaR Grade) in glass 
vials, covered with glass bubbles and heated on a hotplate at 100 *C for 24 h at least or 
until a clear solution was obtained. The glass bubbles were then removed and solutions 
were evaporated. The volume was then adjusted to 5 mL with 0.5 mL of concentrated 
HCI: 4.5 mL deionised water. Total metal concentrations in homogenate tissues were 
analysed directly using flame atomic absorption spectrometry (FAAS) for Zn and Fe 
and graphite furnace-atomic absorption spectrophotometer (GF-AAS) for Cd and Cu. 
Separation of fractions 
The homogenised tissues (3-5 mL) were centrifuged (MSE HI-Spin 21) at 18000 g for 
40 minutes at 4'C. As a result, two fractions, a soluble one (cell supernatant, cytosol) 
and a particulate one (cell membranes, and organelles, pellet), were obtained. The 
cytosol was separated from the pellet, and divided in to two portions: the first cytosol 
portion was maintained at 80 *C for 10 min and then subsequently centrifuged at 18000 
for 40 min at 4 'C. The heat-treated cytosol allows the precipitation of the high 
molecular weight (HMW) proteins, leaving MTs (which are heat stable) in solution. 
This portion was used for the determination of MTs by DPP and studied protein 
characteristics. The remaining cytosol was transferred to a vial to be separated by gel 
chromatography (Sephadex G-75) to study proteins and metal binding characteristics. 
Three replicate samples were also taken for analysis to compare variability in individual 
samples with that of pooled samples. 
Proteins and metal binding separation by gel chromatography 
I 
The proteins and metal-binding characteristics of cockle tissues were obtained by 
separating approximately 0.75 mL of cytosol using a 1.5 x 60 cm Sephadex G-75 
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column at 4 'C with 0.02 M Tris-HCI buffer at pH 8.6. Samples were eluted at 0.5 mL 
min-', using the same buffer, and collected as 3 mL fraction volumes. After 
chromatographic separation of both protein characteristics; the heat treated cytosol and 
not-heat treated cytosol were examined. Protein detection was performed using UV 
detector (Variano Cary-1 UV/visible spectrophotometer). The absorbance of protein- 
like fractions was measured at 254 nm as shown in Figure 2-5. 
2.5 
0 2.0 
C'4 1.5 4- 
co 
1.0 
cl 
70. 
0 
0.5 
0.0 
BMW 
Fractions 
Figure 2-5 Means ±I standard deviation (n--3) of protein fractions at 254 nm 
absorbance of gill tissues in the blood cockle Anadara granosa; not-heated sample 
and heated sample (*). HMW = high molecular weigh; MTLP = metallothionein-like 
protein; VLMW = very low molecular. 
In non-denatured samples, metal concentrations of fractions from the chromatography 
column were analysed directly using flame atomic absorption spectrometry (FAAS; 
Variana AA20) for Zn and Fe and GF-AAS (Variano 300 Zeeman) for Cd (Figure 2-6) 
and Cu, without prior digestion of the samples. Metals were determined in column 
fractions in order to investigate distribution of the metal in soft tissues and among 
various molecular weight pools of the cytosol. 
For validation purposes, an aliquot of heat-treated supernatant was fractionated in the 
same way in order to confirm the precipitation of the majority of high molecular weight 
proteins and the heat stability of MT. 
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Differential pulse polarography was used to determine SH compounds of each 
chromatographic fraction of cytosol which included MT. The SH content of individual 
column fractions of chromatographed cytosol from the samples, expressed as a function 
of polarographic response (gA), have been corrected to the original dry tissue weight 
(ýtA g-' dry wt. ) for each sample. 
0.8 
0.6 
0.4 HMW 
0.2- 
0.0 
0 10 20 
MTLP 
Fractions 
Figure 2-6 Means ± standard deviations (n=3) of cadmium concentrations in fractions 
of gill tissues in the blood cockle Anadara granosa. HMW = high molecular weigh; 
MTLP = metallothionein-like protein; VLMW = very low molecular. 
Gel chromatography calibration 
The Sephadex G-75 column was calibrated with pure protein molecular weight 
standards (Pharmacia) using blue dextran (200 kDa), bovine serum albumin (66 kDa), 
carbonic anhydrase (29 IcDa), cytochrome c (11.7 kDa), and Aprotinin (7 kDa), so that a 
molecular weight against retention coefficient (V, NO) can be obtained as shown in 
Figure 2-7. The elution volume (Vc) was determined from the position of the maximum 
elution peak of each molecular weight standard. The void volume (Vo) is estimated as 
the elution volume of the blue dextran. The use of gel filtration for the determination of 
protein molecular weight provides a linear relationship between their V, NO and 
logarithms of their molecular weights (MW). In this study, the linear relationship was 
log MW = -73.357 (VeNo) + 61.179 with R2=0.9593. It is unnecessary to determine 
molecular weights of individual experiments, as the chromatographic behaviour of the 
columns is very reproducible. A calibration curve once determined for the column can 
be applied to a large number of runs. 
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Figure 2-7 Protein molecular weight standard calibration. 
Metal analysis 
VC/VO 
Zn and Fe determination in the fractions were determined by FAAS (Variae AA20) at 
wavelength 213.9 and 248.3 rim. respectively by using an air-acetylene flame. Cadmium 
and Cu was determined by GF-AAS (Variae 300 Zeeman) at wavelength 228.8 and 
324.8 rim. and calibrated by standard addition (Langston et aL, 2002). The accuracy of 
the analysis was evaluated by comparing the metal concentrations found during the 
analysis of certified reference materials. The accuracy of analysis was regularly using 
certified reference material (Lobster, TORT-2) within batches. All metal concentrations 
were expressed as [ig g-1 dry weight. The analytical results of TORT-2, demonstrated 
satisfactory yields with respect to the certified values, with recoveries higher than 80 % 
for Cd, Zn, Cu, and Fe. 
Quantitative analysis of metallothionein-like protein 
The quantification of metallothionein-like protein (MTLP) was determined by the DPP 
method. This technique is based on the determination of SH compounds according to 
the Brdicka reaction (Brdicka, 1933). The Brdicka supporting electrolyte, which 
includes hexamminecobalt chloride in an ammonia-buffer solution, was prepared using 
IM NH40H and 2mM of [Co(NH3)61CI3 (BDH-GPR) (Imber et aL, 1987; Palecek and 
Pechan, 1971). Triton X-100 (Sigma) at a concentration of 2.5 x 10-2 % (v/v) suppressed 
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secondary maxima and minima and to eliminate baseline noise (Thompson and Cosson, 
1984). 
Ten mL of hexamminecobalt chloride buffer (the electrolyte) were dispensed directly 
into the polarographic cell, together with 100 gL of the Triton X-100 (0.025%, v/v) and 
10 ýLL of the heat-treated cytosol (500 gI for individual chromatographic fractions of the 
cytosol). The cell was then purged for 2 minutes with purified argon gas prior to 
analysis. The potential was scanned from -1.4V to -1.6 V using a PARC Model 174A 
analyser, and response measured using a PARC/EG&G Model 303 static mercury drop 
electrode. 
The quantification of MT in the heat-treated cytosol of the samples was determined 
based on rabbit liver MT-I (Sigma). The working standard solution was 10.0 mg L-1, 
prepared in deionized water. The NIT of rabbit liver was used to carry out the calibration 
according to the method of standard additions. Concentrations of MTs were expressed 
as mg g" dry weight of tissue initially homogenised. 
Polarographic determination of heat-denatured cytosol is an analytical procedure based 
on several characteristics of MTs, but it does not allow the assertion that the studied 
molecule is a true MT since purification and sequencing were not carried out. 
Subsequently, the terminology of metallothionein-like protein (MTLP) was preferred 
and results are expressed as concentrations: milligrams of MTLP per gram of 
homogenized tissue (Amiard-Triquet et al., 1998). 
Statistical analysis 
The non-parametric Spearman rank coefficient was used to establish correlations 
between sediment and biological parameters. The Spearman rank coefficient is suitable 
for testing the significance of an association between two variables that do not conform 
to a bivariate normal distribution. This analysis was done using the software SPSS 10.0 
for Windows. 
Multivariate analysis of sediment characteristics was examined using the PRIMER (V6; 
Plymouth Marine Laboratory, UK) programme (Clarke and Gorley, 2006). The 
normality of the data was examined using a normal probability plot by software Minitab 
14. Data that did not follow a normal distribution were transformed by using log (x+l) 
in order to remove the effect of widely varying concentrations between sediments. The 
data were normalised by Euclidean Distances to remove skewness and strong 
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relationships between variables were exmained by Draftsman Plot. Then, relationships 
among variables were assessed using Principal Component Analysis (PCA). This 
statistical ordination technique can be used to explore structure between highly 
correlated variables. It was usefully employed (factors) to investigate differences 
between sediments in a data set in terms of their geochemical characteristics. The 
method generates new independent variables (e. g. component) that describe variations 
in sediments. Cluster analysis is the most commonly used multivariate statistical 
technique in classifying groups of environmental samples. The aim of classification is to 
group together a number of sediments based on their variables to produce groups of 
sediments where the sediment within a group is more similar to other sediment samples 
in that group than to sediments in other groups. In this study, non-metric 
multidimensional (MDS) analysis was chosen to confirm the results of the cluster 
analysis. The interpretation of MDS is therefore straightforward: points that are close 
together represent sediment samples that are very similar in composition and points that 
are far apart correspond to very different values of the parameter set (Clarke and 
Gorley, 2006). 
Finally, the differences in metal concentratio s in sediments and cockles from UK and 
Thailand were examined using analysis of variance (ANOVA). Homogeneity of 
variances of the data was analysed by Levenes test. A logio transformation was used 
where variances were not homogenous. The ANOVA and post hoc comparisons 
assessed by the multiple comparison tests that do not assume equal variance of 
Tarnhane's T2 test. The tests were carried out using the SPSS 10.0 software. 
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IN SEDIMENTS 
Sedimentary components of major importance for metal availability are levels of 
sulphide, organic matter and concentrations of Mn and Fe. The relationships of these 
components were investigated in the Plyrn estuary and the upper Gulf of Thailand in 
this study. 
3.1 The Plym Estuary 
3.1.1 Distributions of metals and nutrients in sediments 
Trace metal distributions 
The distribution of total, IM HCI, simultaneously extracted metals (SEM) and 
Proteinase-K extractions of trace metals (Cd, Zn, Cu, Pb, and Ni) in sediment cores are 
shown in Figure 3-1. 
The vertical distributions at site A for total metal contents indicate that concentrations in 
the surface layer were slightly higher than the subsurface layer. An exception was for 
Cd; the lowest concentration was in the surface layer (0.58 gg g-1 dry weight). As a 
general trend the levels of total metals tended to decrease from the surface down to a 
depth of 10-15 cm then increased between 15 cm to 20 cm depths in this site. For site 
B, total Cd, Cu and Ni levels decreased with depth. Thus the lowest levels were 
observed at 15-20 cm. Zinc and Pb distributions at site B were similar to site A, with 
both metals tending to decrease with depth until 10- 15 cm then increasing in deeper 
layers. The highest concentrations of total Cu, Ni and Pb were found in surface and 
subsurface layers at 299,96.7 and 108 ttg g-1 dry weight, respectively. Vertical 
distributions at site C for total Cd and Zn increased with depth. At 10- 15 cm depth the 
levels of Cd and Zn were significantly elevated reaching the highest concentrations of 
3.95 and 392 gg g-1 dry weight, respectively. 
Total levels of Cu, Pb and Ni at site C decreased downward in the sediment profile 
whereas the distributions of these metals were uniform in site D. The highest total 
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Figure 3-1 Profiles of trace metal concentrations (mean ± standard deviation) in total, I 
M HCI, SEM, and Proteinase-K sediment extractions from the Plym estuary (see figure 
2-1 for sampling locations). 
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contents of Cu, Ni and Pb were found at a depth of 10- 15 cm. Total Cd and Zn levels in 
site D had less variation than in site C but did have a similar pattern. 
Generally, total metal variations within sites decreased with depth but became elevated 
at 10-20 cm, except at site B in which the levels of total metals in surface layers 
decrease with depth and the lowest levels were found at 20 cm. Furthermore, 
considerable variability between sites was observed with regard to total Cd and Zn 
which varied from the lowest values in site A to the highest values in site C. 
Conversely, total levels of Cu, Ni and Pb were found to be lowest in site C and highest 
in site B. 
The trend of trace metal extracted using IM HCl were similar to the total metals for all 
the sites with the exceptions of Pb and Ni in site B, and Cu and Pb in site D. In site B, 
the variation with depth of Ni was uniform and the significant level of Pb was found in 
the subsurface layer. For site D, the levels of Cu and Pb did not vary significantly with 
depth. Moreover, the highest values of Cu from IM HCI and SEM extractions were 
found in the top layer of this site. In general, SEM spatial distributions of metals were 
similar to those from IM HCl extraction. Furthermore, variations of SEM distributions 
were less than for both the IM HCl and total metal distributions. 
For the Proteinase-K extraction of trace metals, extractable concentrations were very 
low (Table 3-1). Extractable sediments in this fraction were in order of Zn > Cu > Ni > 
Pb > Cd. Site A was the most easily extracted sediment for Cu which were observed in 
all layers. Furthermore, highest concentrations of Cu and Ni in this fraction were also 
present. Zinc and Pb were extractable than other metals at site B and site C respectively. 
Highest concentrations of Cd, Zn and Pb were found at site C. 
Table 3-1 Dry weight of metal concentrations (mean ± standard deviation, n= 60) in 
Proteinase-K sediment extractions from the Plyrn estuary (Nd = not detectable). 
Site Cd Zn CU Pb Ni Mn Fe Al 
(pg g-1) (pg g-1) (gg g-1) ([tg g-0 (Ag g-1) (Mg g-1) (Mg g-1) (Mg g-1) 
A Nd 0.949 0.809 Nd 0.045 2.69 
± 0.171 ± 0.258 ±0.017 ± 0.9 
B 0.020 0.627 0.399 0.038 0.030 2.59 
± 0.001 ± 0.229 ± 0.119 ± 0.001 ± 0.004 ± 1.25 
c 0.024 2.521 0.948 0.065 0.029 1.44 
± 0.006 ± 0.045 ± 0.167 ±0.068 ± 0.017 ± 0.98 
D 0.022 1.322 0.461 0.015 0.037 2.75 
± 0.006 ± 0.173 ± 0.217 ±0.010 ± 0.010 ± 1.26 
1.63 Nd 
± 0.96 
1.42 Nd 
± 0.008 
1.87 Nd 
± 0.58 
1.96 Nd 
J: 0.40 
70 
Chapter 3. - Characteristics and inetal bioavailahiliýv in sediments 
Major metal distributions 
In general, higher levels of Mn, Fe and Al were found in the top layers as opposed to 
the deeper layers (Figure 3-2). An exception was observed at site C where tile highest 
levels were present in the subsurface layer. At sites A and B, concentrations of total 
major metals decreased from the surface layer to the lowest concentrations at 11 depth of 
between 10 cm and 15 cm, then, they were increased at a depth of 20 cm. For sites C 
and D, levels of total metals decreased from the SUbsurface and 10 cm depth to the 
lowest levels found at the 20 cm depth. However, the variation pattern of total levels of' 
Al was different in site C where the highest levels were fOLind at depth of 20 cm. For 
major metals, the highest total concentrations were present at site D (0.278 nig g' dry 
weight for Mn, 11 .8 mg g-1 dry weight flor Fc, and 8.91 rng g-' dry weight for Al). 
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Figure 3-2 Profiles of major metal concentrations (mean ± standard deviation) in total, 
IM FICI, SEM, and Protemase-K sediment extractions from the Plym estuary. 
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The patterns of vertical variation of major metals from IMI ICI extraction in site A 
were similar to the total concentrations at the same site. In sites B, C and D, the higher 
concentrations of the metals obtained using this extraction were present in tile top layer 
compared with the 20 cm depth. The degree of vertical variation of tile IM IICI metal 
extractions was less than that from the total metal extractions. Tile highest 
concentrations of major metal extraction by this acid were found in site D which was 
same pattern as total extraction. 
The highest metal release by Proteinase-K extraction was Mn (approximately 2 jig g 
dry weight). Manganese and Fe in sediments of sites C and D were more extractable 
than other sites. A negligible amount of Al in sediment was observed in the protein 
fraction (Table 3.1). 
Carbon and nitrogen distributions 
Vertical profiles of the averailc carbon and nitrogen concentration ol'sites A, B and C 
showed decreasing trends frorn the Surface to the bottom. In contrast, Figure 3-3 shows 
the nutrient contents were generally highest in subsurface layers in site D. The depth 
profiles for organic carbon and nitrogen were characterized by tile highest value of 2.59 
and 0.234 % dry weight, respectively in surface sccliments of site B. Table 3-2 shows 
levels of the carbon and nitrogen were rank in order of sites 13>D>C>A. -rhe lowest 
contents of organic carbon and nitrogen, in site A, were found dominantly in organic 
form. 
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Figure 3-3 Profiles of carbon and nitrogen contents in organic a nd inorganic from the 
Plym estuary. 
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Table 3-2 Concentrations (mean ± standard deviation) of total (TC), and organic (OC) 
carbon and total JN), and organic (ON) nitrogen in scdirncnts from the Plym estuary 
(n = 60). 
Site Tc Oc TN ON 
(", o dry weight) ("/o dry weight-) (-%-dry weight-) dry weight) 
A 1.08 ± 0.23 1.12 ± 0.23 0.06 -t 0.02 0.07 -1- 0.02 
B 2.52 ± 0.48 2.17 ± 0.59 0.18 ± 0.10 0.18 0.07 
c 1.12 ± 0.59 1.24 ± 0.58 0.08 _L 0.06 0.08 0.06 
D 2.09 ± 0.27 2.12 10.30 0.17 -L 0.03 0.19 0.03 
Partial metal extractions 
To assess the sediment extraction efficiency, four estuarine sediments from the Plyrn 
estuary were analysed (see Figure 2-1 b). The differences in percentage total inctal 
extracted by IM HCI, SEM and Protclnase-K varied between sites and tile depth In 
these sediments. There was a significant correlation (P<0.05, r-0.614,11 = 60) between 
nictal concentrations of Cd and Zn extracted by concentrated HNOI, IM HCI, SEM 
and Proteinase K (Figure 3-4). 
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Figure 3-4 Relationships of cadmitim and zinc concentrations in cone. FIN03, IM HCI, 
SEM and Proteinase-K extractions. 
The potential of metal bioavailability in sediments was investigated by using IM IICI 
extractions. Percent IM HCI-acid extractable metal differed considerably from 
sediment to sediments. In all cases, however IM HCI was the most effective partial 
metal extraction method which removed metals with an extraction efficiency in the 
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a) Cadmium 
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A B cD 
Site %Cadmium 
- ____I__M_HCI __SEM 
Proteinase-K 
A 53 ± 28 44 ± 21 Nd 
B 55 ± 13 29 ±8 0.38 0.86 
C 67 12 43 ± 14 0.59 1.32 
D 55 16 57 -f 11 0.32 0.71 
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Figure 3-5 Percentages (mean ± standard deviation) of a) cadmium, b) zinc, c) copper, 
and d) lead in IM Hydrochloric acid (IM HCI), simultaneously extracted metals 
(SEM), and Proteinase-K sediment extractions in surface layer to 20 cm depth of the 
Plym estuary (Nd = not detectable). 
74 
er 3. - imd inetal bioavailabiliii, in sediments 
a) Nickel 
100.00 
10.00 
1 00 
010 
0.01 
b) Manganese 
100.00 
T3 
10.00 
1 
ý00 
0.10 
0.01 
A Bc D A B cD 
Site 'YoNickel Site 'NoNlanganese 
- -1 
mI Icl SEN/I Pnotelilase-K IMI Wl SIm Protemase-K 
A 32 ±4 25 ±6 0.11 +0.02 A 26 1 14 512 2.59 L 0.15 
B 42 ± 23 25 10 0.08 f 0.00 B 22 4 7ý2 1.41 f- 0.61 
c 43 ± 17 16 5 0.07 0.05 c 26 4 411 0.83 1 0.00 
D 45 ±: 12 16 5 0.09 0.00 D 27 3 911 2.82 ý 1.20 
c) Iron 
100.00 
10.00 
1.00 
:_0.10 
0.01 
Site %iron 
M 110 SF. M Protemase-K 
d) Aluminium 
100.00 
10.00 
Z 1.00 
0 10 
001 
ABcD 
Site 'YoAluminium 
IMI ICI SFM ProtcInasc-K 
A 52 ±8 16 5 0.03 0.02 A 33 11 24 t2 Nd 
B 53 ±9 26 9 0.02 0.00 B 33 5 33 9 Nd 
C 65 6 11 4 0.02 0.00 C 39 13 15 7 Nd 
D 74 9 28 5 0.02+0.00 D 29 7 20 4 Nd 
IM 171CII SEM- -Pýiýoteinase-K 
Figure 3-6 Percentages (mean ± standard deviation) ofa) nickel, b) manganese, c) iron , 
and d) aluminium in IM Hydrochloric acid (I M HCO, simultaneously extracted metals 
(SEM), and Proteinase-K sediment extractions in surface layer to 20 cm depth of tile 
Plym estuary (Nd = not detectable). 
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order of Zn>Fe> Cd > Cu > Pb>Ni>AI>Mn (Figure 3-5 and Figure 3-6). Furthermore, 
when comparing the SEM extraction with the total amount of acid extractable metals in 
sediments, Zn and Cd account for approximately 50% and 40%, respectively, whereas 
less than 30% of Pb, Cu, and Ni associated with acid volatile sulphide (AVS). This 
indicated that Zn binding sulphide is the most "soluble" precipitate of the metals 
considered in the present study. 
The amount of metals in sediments extractable by Proteinase-K was determined. This 
may not necessarily be equivalent to sediment assimilation, but it is a fundamental 
assessment of the potential bioavailability of metals in contaminated sediments. In this 
experiment, only a small fraction (less than 1%) of Cd, Zn, Ni, Pb, Fe and Al from 
sediment was extracted by the enzyme. An average of 2% extraction efficiency by 
Proteinase-K was found for Mn. However, Cd and Pb in site A were not extracted by 
this enzyme. In most cases, metals at site C were mobilised by Proteinase-K extraction. 
The exception was for Al in sediments which was not mobilised by the enzyme. 
3.1.2 Characteristics and classifications of sediments 
Multivariate analysis followed two courses: first, an analysis of sediment characteristics 
using Principal Component Analysis (PCA), and second, classification, using Cluster 
analysis and confirmation of the results by Multidimensional (MDS) analysis. 
Sediment characteristics 
Principal component analysis is one of the multivariate techniques that enable variable 
data sets to be explored, reduced, interpreted and/or studied further. It generates 
independent components that are linear combinations of the original input variables. 
The method reduces the dimensionality of the data to a few important "principal 
components" (PCs) or axes that best describe variations in the data. The first axis (PCI) 
demonstrates the most major trend, and following axes (PC2, PC3, etc. ) demonstrate 
additional trends in decreasing order of importance. 
Total Mn data were excluded from this analysis because it was highly correlated with 
Fe (r = 0.938). For this reason, comparison of PCA using Fe and Mn were investigated. 
The result of the Eigenvalues (% explain) using Fe data were higher than using Mn 
data. For this reason, Fe data was selected in this analysis. In this regard, Mn was 
considered to behave in the same character as Fe. This approach also used for nitrogen, 
total nitrogen was used in this analysis as the organic nitrogen was highly correlated 
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with organic carbon (r = 0.974). As the result, the organic nitrogen was considered to be 
similar to total nitrogen. 
Principal component analysis on acid volatile sulphide (AVS), total metals, organic 
carbon and total nitrogen of sediments in the Plyrn estuary shows that 78.8% of 
variation can be explained by the first three components (Table 3-3). The percent 
explanation of components 4 and 5 are 8.9% and 4.9%, respectively, these accounted 
for 13.8% of the variance. Totally explanation using five PC was 92.6 % of 60 sediment 
samples. 
Table 3-3 Coefficients (n = 60) in the linear combinations of variables making up 
principal components (PC) 
Component Pcl PC2 PC3 PC4 PC5 
% explain 50.6% 17.6% 10.6% 8.9% 4.9% 
AVS -0.141 0.135 0.718 -0.571 0.194 
Cd 0.103 0.689 -0.062 0.101 0.006 
Zn -0.144 0.629 -0.181 0.139 0.235 
Cu -0.344 0.238 0.193 0.430 -0.225 
Pb -0.370 0.011 0.200 0.425 0.205 
Ni -0.342 0.062 0.091 -0.171 -0.832 
Fe -0.402 -0.122 -0.086 -0.068 0.253 
Al -0.281 0.024 -0.560 -0.469 -0.044 
oc -0.407 -0.167 0.050 -0.081 0.177 
TN -0.414 0.088 -0.197 0.135 0.155 
The first component explains 50.6% of the variation and mainly consists of %Fe, 
organic carbon and total nitrogen. Therefore, it could be called the "nutrient & major 
metal components". The second axis (explaining 17.6% of the variability) is "the 
contaminant components" since the axis was strongly correlated to total Cd and Zn. 
Thus, they are not related to major metals (Fe and Al), indicating an independent 
contamination source. The third component explains 10.6% of the variability, and 
comprised AVS and Al, illustrating the close association of AVS with Al. The fourth 
component included Cu and Pb, possibly indicating the same contamination source. The 
fifth component contained only Ni and explained only 4.9% of data variation. 
The results of the PCA are illustrated in the form of a correlation between the first two 
components shown in Figure 3-7. In the biplot, quantitative environmental variables are 
indicated by trajectory (originating in the centre of the plot) and individual samples by 
points. The coefficient (Eigenvectors) gave the linear combinations (in log transform 
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values) which define the axes: PC I= -0.14 1 (In AVS) + 0.103 (In Cd) - 0.144(ln Zn) - 
0.344(ln Cu) - 0.370(ln Pb) - 0.342(ln NI) - 0.402(ln Fe) - 0.28 1 (In Al) - 0.407(ln OC) 
- 0.414 (In TN). The coefficients in this equation reflect the importance of that 
variable's contribution to these particular PC axes. For example Fe, has coefficients - 
0.402 for PC I and -0.122 for PC2, so its indicate main contribution to the first 
components, increasing from right to left because of the negative values, with only a 
slight increase in the negative PC2 direction (Figure 3-7). 
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Figure 3-7 Biplot of the first and second components of Principal Component Analysis 
using AVS, total metals and organic carbon and nitrogen in sediments from the Plym 
estuary. 
Further discussion will, therefore, be focused on the highly meaningful components 1,2 
and 3. The coefficients show that PC I is a roughly equally weighted (>0.400) 
combination of Fe and nutrient (OC and TN), but not trace metals. The situation on the 
PC2, Cd and Zn were main group of this component with increasing strongly in the 
positive PC2 direction. For AVS, coefficients were -0.141 for PC 1,0.135 for PC 2, and 
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0.718 for PC 3, the main contribution is to the third components, increasing from 
downwards to upwards because of positive sign (Figure 3-8). Generally, variables with 
coefficients more than 0.400 were considered mainly contribute to three components 
because the coefficient values are significant at (P < 0.0 1, r>0.324, n= 60). Adding 
together, the highest variable's coefficient with particular PC considered main 
contribution to the component (e. g. Cu has coefficient -0.344 for PC I and 0.430 for 
PC4, so it's assumed main contribution to the fourth component because of the higher 
coefficient). 
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Figure 3-8 Biplot of the first and the third components of Principal Component 
Analysis using sulphide (AVS), total metals and organic carbon and nitrogen in 
sediments from the Plym estuary. 
Many of the environmental variables are often highly correlated, as indicated by sharp 
angles between the axes representing these vanables. In particularly inter-correlations in 
component I were found between the variables Fe, OC and TN, displayed in the left- 
hand side of the diagram. The correlations between Cd and Zn are particularly typical of 
contaminated sediments on the Plym estuary. Negative correlations between variables in 
the PCA ordination are indicated where arrows point to opposite directions such as AVS 
and Al in the third component. 
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The PCA diagram allows the characterisation and inter-comparison of the samples by 
imaginary representative lines from the sample scores to the environmental trajectories. 
The clustering of the sample points along the ordination space agree well with the 
horizontal order of the samples. The characteristics of sediments in the Plym estuary 
were clearly separated into three groups in view of the first and the second components; 
these were surface and subsurface at site B, 15-20 cm depths at site C and the remaining 
sediments (Figure 3-7). The surface and subsurface sediments of site B are all 
positioned in the upper left quadrant and are characteriscd by higher contents of Fe, 
organic carbon, total nitrogen (Table 3-4). The 15-20 cm depth at site C was 
characterized by low levels of the major metal and nutrients and high concentrations of 
Cd and Zn. All sediments from sites A, D and the remaining sediments of site B and C 
are characterised by lower amounts of nutrients, %Fe, Cd and Zn. 
However, surface and subsurface sediments in site B were divided by the third 
component using AVS levels. The lowest AVS was found in the surface layer in site B 
located in the upper left quadrant of Figure 3-8. The highest AVS in the subsurface 
layer in site B was in the upper left quadrant. The third component also separated 
sediments of site C and D according to Al levels. As the results, 15 cm deep sediments 
at site C were divided from those at 20 cm depth, and the top layer sediments at site D 
were separated from deeper sediments. 
Sediment classifications 
Cluster analysis enables quantification of the similarity between sediments. The 
dendrogram (Figure 3-9) yielded five main clusters with a percent of distance 
(dissimilarity) 8%. The first cluster group (from left) contained the 15-20 cm depth 
samples of site C. This group represents the samples most contaminated by Cd and Zn 
and lowest levels of Fe, organic carbon and nitrogen. The second cluster is formed by 
sediments from site B. The sediments from this site contained large amounts of white 
china clay which was characterised by lower Fe and nutrient contents than the next 
cluster. The third cluster is composed of sediments from site D, 10-20 cm depth of site 
B, and the top layer to 10 cm depth of site C. This cluster was higher Fe and nutrient 
levels from previous group. Inside the cluster, Cd and Zn contents in sediments were 
increased from left to right of the dendrogram. The fourth cluster characterises the most 
nutrient-rich sediments which consists of the subsurface layer in site B. Finally, 
sediments in this group were separated by highest AVS concentrations in the surface 
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layer and lowest AVS concentration in the surface layer. The results from cluster 
analysis agree with those obtained from PCA, and sediments from the upper left and 
middle of the quadrant are separated into four groups. 
IA Site Av Site B0 Site C* Site DI 
Figure 3-9 The dendrogram of the Cluster analysis using total metal, IM HCI, and 
SEM concentrations, organic carbon and mtrogen In sediments from the Plym estuary. 
The main purpose of MDS is to create contour and surface maps of the samples, in a 
specified number of dimensions, which attempts to satisfy all the conditions Imposed by 
the rank similarity matrix. It is able to perform several operations on the data groups, as 
well as effectively presenting the results. In the present study, similar representation to 
that obtained by Cluster analysis is produced by the MDS on the diagram (stress = 0.12) 
in Figure 3-10. 
The MDS presents data groups of sediment into four associations. The first consists of 
samples from 15-20 cm depth in site C. This set is interpreted as representing historical 
contamination by Cd and Zn. The second association contains the majority of all 
sediments in site A, upper sediments in site C and all the sediment from site D. These 
groups have a similarity of major metal and organic carbon and nitrogen levels which 
are higher than the first association and lower than the third associations. As a result, 
this association is located between the first and the third groups. The final two 
associations are separated by AVS levels: One of these associations contains sediments 
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in the top layer of site B which have low levels of AVS and the other association 
contains sediments in the subsurface layer of site B which has high levels of AVS. It is 
interesting to note that sediments in site B were more variable than the other sites. This 
could be as a result of the sediment being located near a sluice and the high density of 
polychaetes that may disturb the sediment and increase the mobility of associated 
metals in contaminants. 
2D Stress: 0.12 
55 
1515 5VV 
10 &A1 10 v 15 
40 A5v 
A 10 5 A, 
AA5 
Aý 1010 0 15 
VV 0V;! J, 5 0v 
AL 
0 
10 10 
10 
0 
01.00 
20ý 
jý 40 
CF4 
0 
v 
20 
0 
15 v 
vo 
0m 
I Site Av Site B0 Site C* Site D 
Figure 3-10 Results from Multidimensional analysis using total metal, IM HCI, and 
SEM, organic carbon and nitrogen concentrations in sediments from tile Plym estuary. 
3.1.3 Potential metal bioavailability 
Concentration of acid volatile sulphide (AVS) and Cd, Zn, Cu, Pb, and Ni in the 
simultaneously extracted metals (SEM) of Plym sediments are shown in Figure 3-11. 
Acid volatile sulphide levels were relatively low with an average of 5.8 ýImol g -1 dry 
weight (range between 1.1 - 14.9 gmol g-1 dry weight). Smal I amounts of AVS (< 2 
timol g -' dry weight) were found in surface sediments of the upper estuary (sites A and 
B). Due to these sediments being located near the sluice of the Blaxton Meadow, the 
AVS concentrations may be influenced by the dynamic behaviour of the overlying 
water. There is also a high density of the polychaete Nereis diversicolor In these areas. 
These dynamic and bioturbation behaviours may lead to a penetration of oxygen to the 
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Figure 3-11 Spatial and vertical distributions of AVS and SEM and SEM-AVS 
concentrations (mean ± standard deviation) in the sediments from the Plyrn estuary. 
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surface sediment layer. On oxidation, the metal sulphides are oxidized to metal free ions 
and sulphates which have much higher solubility. Thus, the metals in the surface layer 
may have been released to the overlaying water and re-distributed to the subsurface 
layer in which was observed the higher AVS concentrations in sites A, B and D (Figure 
3-11). Hence, the sulphide in subsurface sediment is able to bind heavy metals from the 
overlaying water. In contrast, the concentrations of AVS in sediments of site C were 
highest in the surface layer. The higher concentrations of AVS in surface sediment at 
site C may occur because of the difference of grain size of the sediment with depth 
which appeared to be sandy (i. e. of larger grain size) in the lower layers. 
The SEM (Cd, Zn, Cu, Pb and Ni) concentrations were found to be in the range I-4 
jimot g -1 dry weight. Zinc had the highest content in SEM. Metal levels in sites A, B 
and D were relatively constant with depth. An exception was found for Pb in site B and 
Cd, Zn, and Cu in site C. The Pb level in site B decreased slightly from the surface layer 
to 15 cm depth but after that it increased dramatically at a depth of 20 cm. Cadmium, Zn 
and Cu in site C tended to decrease from the top layer until 10 cm depth, then the metals 
significantly increased at 15 cm depth and then dropped again in the 20 cm depth. 
Almost all the sediments analysed had levels of AVS greater than SEM (low potential 
for bioavailability). Exceptions were observed in the surface layer of site B and 15-20 
cm depth of site C. Since AVS in surface sediments from site B were extremely low 
(0.09-1.59 gmol g -1 dry weight), the SENVAVS ratio was found to be greater than one. 
This high ratio was also found at 15-20 cm depth at site C because of the low levels of 
sulphide and high concentrations of Cd, Zn and Cu. These latter results indicated 
potential metal bioavailability (in surface sediments from site B and deeper sediments 
from site Q. Thus, metals in these sediments may be released in pore water and may be 
more available for uptake by benthic organisms. 
3.1.4 Factors influencing metal bioavailability 
Significant (at P<0.05) relationships between metals in the polychaete Nereis 
diversicolor and in sediments are shown in Table 3-5. Cadmium concentrations in the 
polycheate were correlated with AVS (surface layer) and total Cd (15 cm depth), and 
Cd in SEM (15 and 20 cm depth). This indicated that Cd sulphide in deeper sediments 
can mobilise and become bioavailable to this species. Furthermore, the strong 
correlation between Cd in the organism and AVS shows that Cd levels in the polychaete 
were also enhanced with AVS levels. The results suggested that this polychaete species 
85 
Chapter 3: Characteristics and metal bioavailability in sediments 
preferentially accumulates metals associated with reduced forms of sulphur (AVS). 
Oxidation of Cd binding sulphides in the top layer would lead to release of Cd into 
overlaying water which would then be readily available to be taken up by these 
organisms, either by absorption through the body surface or across the digestive tract. 
However, the covariance of Cd in SENVOC implies that increasing the level of organic 
matter reduces the bioavailability of Cd. 
Table 3-5 Significant correlations (at P-value < 0.05; n= 12) of metals in Nereis 
diversicolor and acid volatile sulphide (AVS), metals in total (TM), simultaneously 
extracted metals (SEM), IM HCI extraction (M-HCI), and metal normalisation by 
organic carbon (/OC) and iron ffe). Depth layters are indicated in brackets. 
Cd Zn Cu Pb 
AVS 0.755(0) 
TM 0.601(15) 
SEM 0.783(15) 
0.685(20) 
TNVOC 0.685(20) 0.643(15) 0.769(15) 
SEMIOC 0.744(20) 
M-HCI/OC 0.699(0) 
TMIFe 0.587(10) 0.692(0) 0.671(15) 
0.783(10) 0.916(20) 
M-HCI/Fe 0.643(0) 0.881(10) 0.615(0) 0.755(10) 0.797(10) 
The Zn, Cu and Pb concentrations in the polychaete were not directly related to metals 
in the sediments. These metals in the organism were however associated with metal 
concentrations normalized by organic carbon and Fe. The higher correlations of these 
metals in the polychaete were found with Fe normalization in sediments rather than the 
organic carbon normaliztion. This suggests that Fe plays a more important role 
influencing Zn, Cu and Pb bioavailability. Moreover, it appears that organic carbon and 
Fe in sediments may suppress the availability of these trace metals. There was no 
relationship between Ni in the polycheate and in the sediments. In this study, metals 
from Proteinase-K extraction were not used because many values were lower than 
detection limits. 
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3.1. S Relationships of metal bioavailability 
The studies on regression analysis between the concentrations of AVS, metal or metal 
incorporated into the reactive fraction in the sediment and the tissue-metal concentration 
in the polychaete Nereis diversicolor is shown in Figure 3-12. 
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Figure 3-12 Significant regressions (at P-value < 0.05; n= 12) of metals in Nereis 
diversicolor and acid volatile sulphide (AVS), total metals, simultanoeously extracted 
metals (SEM), and metal normalisation by iron and organic carbon (OC). Sediment 
layers are indicated in brackets. 
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The results illustrate the most significant regression analysis (at P-value < 0.05) of 
linear relationships between metals (Cd, Zn, Cu and Pb) in the polychaete Nerds 
diversicolor and AVS, total metals, SEM, and metal normalisation by Fe and organic 
carbon in depth sediments. Only Cd levels in the benthic organism directly enhanced by 
the Cd in sediments. However, Cd concentrations in the polychaete were more elevated 
with Cd-SEM in 20 cm depth. 
For Zn and Cu, the bioavailability of these metals in sediments to organisms in the Plym 
estuary was dramatically reduced by Fe. A similar trend was found for Pb with the 
presence of high concentrations of organic carbon in sediments decreasing Pb 
bioavailability in the polychaete. 
3.2 The Upper Gulf of Thailand 
3.2.1 Distributions of metals and nutrients in sediments 
Trace metal distributions 
There was considerable variability in Cd concentrations with depth, for the levels of Cd 
with the top layer being high I er 
than the subsurface layer in most study sites, verifying 
an overall contamination of sediment (Figure 3-13). Generally, the highest 
concentrations of Cd were found in the surface layer except in the eastern part of the 
upper Gulf of Thailand (Map Ta Phut and Bang Pakong estuary) where the highest 
levels of Cd were found at a depth of 10-15 cm. This indicated Cd contamination from 
the past. Besides observing distributions of Cd between sites, there were elevated Cd 
concentrations (0.430 pg g-1 dry weight) in the upper Gulf of Thailand such as the Chao 
Phraya estuary. These values indicate significant increases in Cd concentrations relative 
to the lowest concentrations (less than 0.1 pg g-1 dry weight) which were observed in 
the deepest layer studied in Map Ta Phut, Bang Pakong and Petch Buri. 
The highest levels of Zn at Map Ta Phut and the Chao Phraya estuary (site A) were 
present at 10 and 15 cm. depth (127 ýtg g-1 dry weight). In contrast, a different pattern 
was found in another site of the Choa Phraya estuary, where the highest Zn 
concentrations were found in surface sediments and the lowest levels were found at a 
depth of 10 cm. For other sites, Zn distributions were uniform and Zn levels averaged 
between 45-65 gg g" dry weight. 
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Copper concentrations tended to be uniform with depth in Bang Pakong, Ta Chin, Mae 
Klong and Petch Buri estuaries whereas concentrations of Cu in surface sediment were 
lower. The highest Cu concentration was found in Map Ta Phut at 20 cm depth (44 Ag 
g-1 dry weight). Patterns of Cu levels in both sites of the Chao Phraya estuary were 
difference. At site A, Cu concentrations from surface layer increased with depth until 
reached the highest levels at 10 cm depth. For site B, Cu levels in surface sediments 
were considerably higher than deeper sediments. Lead levels in Map Ta Phut were 
extremely high in surface sediment and then uniform with depth in deeper sediments. 
However, the opposite trend was found in the Bang Pakong and Mae Klong estuaries. 
The highest concentration of Pb was found in the Ta Chin estuary at 53 ptg g-1 dry 
weight. Nickel concentrations consistent with depth in all most sites excepted at site A 
of the Chao Phraya estuary. The trend was similar to Cd, Zn, Cu and Pb. The highest 
concentration of Ni was found at surface layer of this site. In general, trends of trace 
metals "bioavailability" (I M HCI extraction) were similar to the total metal variation. 
Major metals and organic carbon and nitrogen distributions 
Total major metals and organic carbon and nitrogen distributions are demonstrated in 
Figure 3-14. Generally, major metals and nutrients distribution were uniform. Vertical 
distributions of Mn in Map Ta Phut, Bang Pakong, Chao Phraya (site B), and Petch Buri 
estuaries were consistent with depth. Conversely in Chao Phraya (site A), Ta Chin and 
Mae Klong estuaries, Mn concentrations increased with depth and reached the highest 
levels at 15 and 20 cm depth. The highest Mn concentration was found in the Ta Chin 
estuary. Iron distributions in Map Ta Phut were very variable. Higher contents of Fe 
were found in Bang Pakong, Chao Phraya (site B) and Ta Chin estuaries, where 
concentrations decreased from the top layer to 10- 15 cm depth. The major metals were 
then elevated at 20 cm depth. In contrast, the Fe level at a depth of 15 cm at site A of 
the Chao Phraya estuary was higher than other layers. Similar vertical variation of Al 
was found in Map Ta Phut, Bang Pakong and Chao Phraya (site B) where the lowest 
levels of Al (and Fe) was found at 15 cm depth. Contents of Al in Choa Phraya (site A), 
Mae Klong and Petch Buri decreased with depth. Generally, major metal and nutrient 
levels in Map Ta Phut were low compared with the other sites. High levels of Mn, Fe 
and organic carbon and nitrogen were observed in Ta Chin and Mae Klong estuaries. 
Excepted for Al, the highest levels found in Bang Pakong estuary. 
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Partial metal extraction 
Figure 3-15 illustrates the potential of metal 'bloaval lability' expressed as partial (IM 
HCI) extractions in sediments. The differences of metal extractions depended oil sites 
and metals. The highest percent extractions of Cd (greater than 70%) fOLInd in Bang 
Pakong and Ta Chin indicated efficiency of Cd bioavailability in these sites. For Zn, the 
highest potential (50%) bioavailability was observed in Ta Chin and Petch Burl 
estuaries. High percent of Cu bioavailability was found in Chao Phraya, Mae Klong and 
Petcha Buri. More than 50% of Pb extractions found in all most sites exception at Map 
Ta Phut. Nickel was more likely to be accessible for benthic organisnis in the Cliao 
Phraya estuary. In summary, trace metals in Chao Phraya, Bang Pakorig and Ta Chin 
more likely to be available to benthic organisms than other sites. 
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Figure 3-15 Percent metal extraction using IM HCI in sediments from MapTa Phut 
(Mp), Bang Pakong (Bk), Chao Phraya site A (CpA), Chao Phraya site B (CpB), 'I"I 
Chin (Tc), Mae Klong (Mk), Petch Buri (Pb). 
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Table 3-6 Percent metal extractions (mean + standard deviation) using IM HCI in 
sediments from Map Ta Phut (Mp), Bang Pakong (Bk), Chao Phraya site A (CpA), 
Chao Phraya site B (CpB), Ta Chin (Tc), Mae Klong (Mk), Petch Buri (Pb). 
Site Cd (%) Zn (%) Cu (%) Pb (%) Ni (%) Mn (%) Fe Al 
Mp 52 ±9 39+ 1 65+ 3 49+ 7 26+ 4 30±4 5±2 3.0+0.4 
Bk 74+11 45 ± 3 72+ 8 24+ 7 20+ 7 33+1 11+2 3.8+0.6 
CpA 41+11 48+ 5 70+ 8 37 ± 14 34+ 14 35 ±3 20+2 3.6+0.3 
CPB 57 9 49+ 15 76+ 8 39 ± 15 31+ 7 32+1 18+3 3.4+0.5 
Tc 72 5 53 ± 2 69 ± 5 48+ 4 26+ 3 40+1 14± 2 3.0+0.4 
Mk 59+19 40+ 4 60+ 4 41+11 27 ± 1 34+2 15+1 3.2+0.6 
Pb 41± 5 50+ 3 60+ 12 65 ± 28 24+ 11 31+3 15 ±3 3.8+0.8 
3.2.2 Characteristics and classification 
Characteristics of sediments 
Principal Component Analysis characterised sediments (from the surface layer to the 
layer at 20 cm depth) in the upper Gulf of Thailand using total metal concentrations and 
organic nitrogen from Map Ta Phut and Bang Pakong, Chao Phraya site A, Chao 
Phraya site B, Ta Chin, Mae Klong, and Patch Buri estuaries. The organic carbon 
variable was discarded for this analysis because of their high correlation with organic 
nitrogen and Mn which are importance characteristics in tropical sediments. When the 
results included organic nitrogen and Mn, eigenvalues of the PCA increased from 2.0 to 
2.1. This indicated that the PCA result was more accurate. The results in Table 3 -7 
show that 90.6% of the variation can be attributed to three major components. The first 
component explained 55.7% of the variation and consisted of Mn and organic nitrogen, 
representing nutrient composition. Trace metals (Cu and Ni) and Al are correlated and 
together explain 25.5% of the second component. Thus, Cu and Ni are related to 
mineral composition (Al), indicating possibility of anthropogenic sources. The highest 
coefficient of Zn (0.704), moderate coefficient of Pb (0.605) and low coefficient of Cd 
(0.160) were associated with the third component (explaining 9.4% of the variability). 
These results indicated that they are not related to mineral or nutrient composition but 
instead demonstrate an independent pollution source. The fourth component was most 
related to Ni which was also related to the third component. The last fifth component 
consists of Fe and Al which explained 2.4% of variations. Totally, the PCA result 
illustrated 96.4% of sample variations from the upper Gulf of Thailand. Further 
discussion will focused on the highly percent explain of component 1,2 and 3. 
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Table 3-7 Coefficients (n = 105) from the PCA analysis of the sediment layers using 
total metal extraction, organic carbon and organic nitrogen data 
Components PCI PC2 PC3 PC4 PC5 
% explain 55.7% 25.5% 9.4% 3.5% 2.4% 
Cd -0.009 -0.001 0.160 0.005 -0.021 
Zn -0.069 -0.004 0.704 0.570 0.063 
Cu 0.118 -0.315 -0.134 -0.177 0.084 
Ni 0.423 -0.207 0.605 -0.581 -0.172 
Pb -0.095 -0.815 -0.071 -0.015 0.320 
Mn 0.559 0.071 -0.262 -0.002 0.326 
Fe 0.056 -0.365 -0.085 0.431 -0.643 
Al 0.104 -0.235 -0.052 0.075 -0.242 
ON 0.684 -0.031 -0.105 0.339 0.528 
In figure 3-16, two components (PC I and PC2) of PCA were used to characterise 
sediments in the upper Gulf of Thailand. Results identified four groups. The first group 
was on the left quadrant which comprised Map Ta Phut and Chao Phraya. These sites 
were separated from other sites by lower levels of Mn and ON. The upper right group 
was contained Mae Klong and Petch Buri which had high Mn and lowest Cu levels. The 
lower right quadrant was consisted of high Mn level. Then, the highest concentrations 
of ON at Ta Chin was clearly grouped sediments from Bang Pakong. 
However, the PC I and PC2 biplot was not clearly separated by contamination factor. 
Subsequently, PC I and PC3 (Figure 3-17) were used to cluster sediments. Sediment 
samples were noticeably separated into two groups. The left quadrant contained mainly 
high levels of trace metals whilst the right quadrant contained mainly high levels of 
mineral and nutrient composition. As a result of the biplot of the first and the third 
component in Figure 3-17, two groups of sediments were recognized: The first group 
was on the left quandrant which consisted of Choa Phraya estuaries and the Map Ta 
Phut estuaries. Then the second group on the right quadrant comprise with Ta Chin, 
Bang Pakong, Mae Klong, and Petch Buri. The first group mostly related to the trace 
metals in component 2 (Cu and Pb) and component 3 (Zn, Ni, and Cd). These results 
indicated the characteristics of contaminated sediments in the upper Gulf of Thailand 
(Table 3-8 and 3-9). 
94 
Chapter 3: Characteristics and metal bioavailability in sediments 
3-- 
C) 
CL 
10 11 5 C) 
20 
20 
10 
, ýo 0 
l(70 20 0 20 195 
5 11 20 
00 45 
00 15 5 5 
MIO lo 5 
5** 10 
10 ON 
5 
11b1 A Aj 
Cu Fe 
0 0 
la 
C ýo140 ý, olcob 
Ni 
Map Ta Phut 
Bang Pakong 
Chao Phraya A 
Chao Phraya B 
Ta Chin 
o Mae Klong 
Ei Petch Buri 
-3 -L iiii1 
-3 -2 10 
PCI 
Figure 3-16 Biplot of the first and the second components from Principal Component 
Analysis using total concentrations and organic nitrogen in sediments from the upper 
Gulf of Thailand. 
Cl) o 
OOD 
Zn *ý c 5 PI b) 
0 20 
0* 19 ,c 
10* 
OD 0 
u 
10 a e. 
5u ON 50 "1 
15" 
" 1_ 
I / 13 
15 1 08 
Map Ta Phut 
Bang Pakong 
Chao Phraya A 
Chao Phraya B 
Ta Chin 
Mae Klong 
Ei Petch Buri 
-2 -L- Fiiiii1 
-3 -2 102 
PC1 
Figure 3-17 Biplot of the first and the third components from Principal Component 
Analysis using total concentrations, and organic nitrogen in sediments from the upper 
Gulf of Thailand. 
95 
-tý d) 
A- 
Cd 
. r. 
" 
U 
0 
I Ci. cu 
u2 
"0 
Q) u2 
cl 
10 
.0c, 5 
M ---% 
r'n tm 
"0 
VII CS 10 C) en C) mt IRt 1ý0 " CD CD %0 'Itt CN W*b C) cl% - C) C) -- CD C) CD It (D C, 4 - en --4 -4 -. 4 en fn C) Cý CD C) CD C) C) C) CD C) (= C) 4M C) C) C> <D <D (D 4D 
Q -1 
+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 
W ItT en I'D (7% - C) mt ON 1 00 00 1.0 m C) r- r- mt 'tr ON kn 
m- C7*1 cn 110 00 CD Cs 00 C14 Cý C) t- ItT C14 N 110 W) lwl- cn - 
A -I R --: (: R IR -ý (: R Cý CD ýr ('4 -- --o en (4 ýý -4 1-4 
CD C) 6 (D c) 0 c) c; C; C; 6 c; c; 6 c; c; C; C5 c; 
.-" 
o_"' '_ 
(-) 
ýo C7*, t- ý. o C) %ýo ON %C r- t- kn "- t- t- IRT - ON 
r--: en 
6 
Cý -4 (6 C; C; C; (-i tr; _: (Ii C5 cli t-: _; tlý 
+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 
-i " ri Cý en Cý Cý " Oý Ili: ""-! I C! -i ei Iýq "q en "D CD C14 tn -- ý- eq --- C14 ON CD C) r- 0 1ý0 1ý0 Ill 1ý0 tn wl tn W) WI) WI) W*j Nr III IT en I"- kn 44-1 lqr en en 
wl cn c! (:; > "R 4R rn C-i C-i Cý -4: "R 09 ýq -: rý -1 C-9 -1 ýq 4 C14 tn IRT N W) C14 Wt Cf) 11 C) en W) 00 en - en rý - en 
+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 
llq Oý -, ý Cý llýt " Iq ei -ý " llq qIq r": Wi Cý Iýq Iýq rlý (n 
I- Wl C4 %C r- tn ý en -. 4 00 ý ON C*ý ON 00 CN Cs W) C14 00 =L 1ý0 en IT 110 %C 110 t- ýo ON 00 00 clý CS 110 00 CN 
COR en 'RT ttl N C'4 t- C'4 ('4 "D r- C) ON It r- 0 It 'RT 'It 
C-4 4 06 -; :ic; Ci -ýi q -4 C; C'i -4 C'i C; -4 C'i -4 C-j 
+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 
OR ri IIR CIR Ci 0ý crý Iýq Wi tn In tq llý q I: " 
pz en rn -t C-, "t "- tn W) tn - r- t- wl 
't M tn " rn r- ýo wl It It en en en N C14 en en C14 -N 
N 
u 
04 
It ei %C! " "i -i ei Cý t'ý Oý -i I: loý Vý rlý Iýq ý1: Iq rý Oý 
cf) C14 - C14 a C> -- en C14 C> - eq --0C, 4 'RI, 0- 
+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 
r-: --: --I en %q (:: ý Cý ,R 0ý --ý n wl q Cfl 'I -t en " 00 'D 
en --a., a, - 00 -'T en W-) cs CD - o" c, 06 vi t--: Cý t--: 
en eq C14 -- en m Itil "It Itt C14 en M C14 en en en (14 (14 cq 
0 %0 W) 0 It QN r- en Itil WI) CD 00 %. D 
C; 
+10+10+1 +. 1 +1 
C+l 
+10+1 
e+l 0+1 
+1 +1 
C+l 
+I 
C+l t+l 
±I +I 
a) ', nonoDn, J. ý, "t 't mt C7% ON ItT CD cq W) 00 en 00 %0 tn CS Rt d 
.! ý r, en 444 00 cy, c; ci r-: C: 
4 wi efi r-: C'i 06 en en en en -4 --4 C'4 C'4 --4 -4 --1 -4 N C4 -4 
C5 C) C) C) C) C) --0---- (N - (D C) C5 - <D (Z) C) <D <D CD CD 0 CD QQQ <D 0Q CD CD QQ 
S6C; 66d C5 6 C; C; C; C; C; C6 6 cs 6 C; 
+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 0 C) 00 r- 10 t- ý. o Rt* IT r- 1ý0 wt CN ItT a C; ý ý, o C) CD C) CD C) --4 -- C) 0C C) C) Q CD CD c) -4 
C; C; C; C; C; C; C; 
6 
C; C; (6 
W) "o "- "o ý- en C'i C-4 r- C-4 - ýo CD en 00 en ý, o --, C, 4 C-4 (5 C5 en r-4 - ý- . c) en r- -t 00 CD - en en QQQ C) C) C> CD 0 C) C) C) CD Q CD C> C) Q <D 
'. 4 
cý06 (m 0d c) c) (o 0 (D 6 (6 (a; 6 (6 6666 (6 
uý t4 
+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 
014 It 10 - en %0 --, Wý (D eo) r- Itt en 00 en 00 Cs C14 Wt ON 00 b4 1ý0 llýr 00 Q C) (ý Q r- 0 C14 W) %0 ý10 --4 00 00 ýo en r- en 
en C, 4 C'I Nmý, q W) I- , I: ýq 4R ,q 00 00 en en en eq en 6666c; .4_; -ý ý- oo6666c; 6 c; c; 
C) W) CD Q W) C) 9z u -, o C'4 0 V') -4 C, 4 tD ttl C14 Cý Wl C14 
< 14 
u 
cz 
ce 
ci E- 
0 
0 
E 
I 
r. 
"Ci 
=L 
0 
rA 
.Zr: 
CU CU 
cz 
C14 CS -- C) rý - V') - 00 c? ) tl- -4 ON C14 
C> C> - C) C) C) - C14 CD - C> C) - Cý - 
6 45 3 c) C: ) (::, CS c) c) C: ) (=5 C) S C> 3 (6 6 C; 6 C; C; 6 ci C; 6 <6 C; C5 C; C; +I +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 u 
00 r- 
r- CD 00 a*, C) IRT C) C> I* m C) 00 00 r- 
bh Cs 00 1.0 ICT Iýt ON W') CA en C14 ICT rn - r- r- 
!! I ý --4 ýý ---4 --4 -* ýý --4 -. 4 -4 -4 C) Q ........... * -1 C) CD 6 c) (D (D c) c) c) 66cC; C; C; 
en u 
04 
It It - 'IT r- - r- kn ": r en r- I- as kn 
C; C; -4 6 C5 cli -4 4 cli cli 6 1.4 cli C; +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 
r-: -ý " 00 en "t q Cý4 ý, o W-) en 00 en 00 tn 
"D r- 00 0ý (s vi efi C'i r-: [-. z r-: r-: 06 06 06 'IT ItT "It NT %n en mM cn MM cn en en en 
oR oR wl -: t en en q wl -: -1: en I- Cý W) C, 4 - c) C) en en C-4 - c) C-4 'i 4 _; wi 
+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 
IC! "R Cý OR I: rlý Vi OR OR Cli OR NI: I: 
th r- -ýo C) - 00 C) ý'a W) en en C-4 ef) 00 r, " V-) 110 1.0 V') kn Nt Iti- W) til, Itt I- -. 1- 194- -T 
I C., en C'4 "t C> 1ý0 I'D 14t "o 00 00 C14 - tn N 
C; c; (6 c; C'i C'i c; cl < -0 .U +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 
- en --4 IRT r- W*) %0 ItT vi a*, r- en C*l 00 ON 
E4 C'i C'i ,646 ý6 Cý C-i 6 t-ý '-f r-: C; ei W) tn in tn tn IRT en C14 en en en en en en C14 
00 CD I'll CD 1: t k-0 W*i W) W'l W*i - r- kn vi 
6 a; 6 C-i Cý c; C'i -4 C'i C; c; c; c; q +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 
rllý rl: Cý rlý Cý In Cli Cý Cý Vi 1-: IC - en - two wl V-) -D --C., 00 tn CD "D t-- t--: 06 ,6 Cý Itr tt) W) en en en tn IT ý -4 - 
rl: -i I: qq ri r'ý I: olý q '": 14: Cý In a! N C) C CD C) --- CD - C) C) CD o0 
+I +I +I +I +I +I +I +I +I +I +I +I +I +I +I C-4 r- r- ý'o C7, c" rA r- C-4 C, eq t- c, 00 q Cý 66 C5 Cý cli q "i ý6 ý6 "i "i q li tri 'bh ý- C'4 " C14 -4 --4 --4 -4 -4 4 1-4 -4 -4 -4 -4 
-. 4 C) -. 4 -. 4 -0 -4 CD -4 eq -. 4 --4 (D -4 -4 C: ) 
(ý C) CD (D C) 0 C) Q CD C> C> c) CD CD (=ý 
C; 8 c; c; (=; 868686 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 
CA eq en en en en Itt IC CN 1ý0 %ýo 1.0 W) r- k%o C! "i C! Cl CD C) C) C) (= C) C) Q 
0' 
m CS tn r- r- (= 14D 110 W'j - CIS Cý C4 Cý Cý C) Nt C14 tri C) 00 VI C14 C) N (Z C) C) QQ C) cc 0QQ C) QQQ- 
ci ci C5 C5 6 C5 ci C5 C5 d (6 6 ci 66 
+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 
en Nt C) lqt en CS Itt en ON r- 00 Q- en %D 00 " %ýo - C, 4 cl tn r- 1.0 1- 
r- C-, 00 cn en '"- 00 %, q r- t- 
,: --j -4 -4 -4 -4 -; -; '. 4 -; -4 -4 4444 -4 
t- 
tf) 
u 
44 
.C 
tA CD 'ý 
9 
CD v) c> In ý3 <Z tA CD n <2> c> ke) 0 -4 --4 
N 
Chapter 3: Characteristics and metal bioavailability in sediments 
The highest concentration of Cu (43 pg g-1 dry weight) and Ni (63 Pg g-1 dry weight) 
were found in the Map Ta Phut industrial estate. Similarly the highest levels of Zn (119 
pg g-1 dry weight) and Cd (0.408 pg g-1 dry weight) were observed from both sites of 
the Chao Phraya estuary. Sediments that cluster together were chemically similar and 
outliers are chemically dissimilar by the value of the selected components. The second 
group was predominantly mangrove forest located near the mineral and nutrient axis 
and was enriched in Mn (more than I mg g-1 dry weight) and nitrogen content (more 
than 0.1 % dry weight). The distances between sediment sample points on these plots 
represent the variation in each component. 
Sediment classifications 
The result of the Cluster analysis using data for total metals, IM HCl extracted metals, 
organic carbon and nitrogen in sediments shows that there were obvious divided into six 
groups of sediments from the upper Gulf of Thailand (Figure 3-18). The first cluster 
was significantly separated sediments into two groups by high levels of ON and Mn; the 
first group was Ta Chin, Bang Pakong, Mae Klong and Petch Buri (average 0.299-0.157 
% dry weight for ON and 1.80-1.46 mg g-1 dry weight for Mn), and the second group 
consisted of Chao Phraya estuary and Map Ta Phut (average 0.008-0.06 % dry weight 
for ON and 0.28-0.7 mg g-1 dry weight for Mn). The first group from this cluster was 
distinguished by levels of total Al; Ta Chin and Bang Pakong (average 54.1 and 57.6 
mg g-1 dry weight, respectively) were obviously separated from Mae Klong, and Petch 
Buri (average 34.0 and 32.9 mg g-1 dry weight, respectively) and Map Ta Phut (average 
40.2 mg g-1 dry weight) was separated from Chao Phraya (average 27-30 gg g-1 dry 
weight). Subsequently, sediments were clustered by levels of Zn into six groups; i) Ta 
Chin (58 pg g-1 dry weight), ii) Bang Pakong (65 gg g-1 dry weight), iii) Mae Klong 
(average 50 pg g" dry weight), Petch Buri (average 45 pg g" dry weight), Map Ta Phut 
(average 47 pg g7l dry weight) and Chao Phraya (more than 90 pg g"' dry weight). 
The result of Multidimensional scaling (MDS) was almost the same as the Cluster 
analysis. The trend had a high stress value of 0.11 (stress < 0.1 corresponds to a good 
ordination with no real prospect of a misleading interpretation). The map of sediment 
characteristics from the upper Gulf of Thailand of MDS also clearly divided 
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Chapter 3: Characteristics and metal bioavailabilitv in sediments 
sediments into two sets (figure 3-19); the first set was combined with Ta Chin, Bang 
Pakong, Mae Klong and Petch Buri and the second set was consisted of Chao Phraya 
and Map Ta Phut. These were clustered in order from high levels of Mn and nutrients 
on the left of the plot to lower levels on the right, which were similar to the main 
components of PCA. The first set was separated into three groups by Pb and Al 
concentrations. Higher levels of these metals were found at Ta Chin (average 48.2 and 
54.1 gg g-1 dry weight for Pb and Al, respectively), followed by Bang Pakong (average 
40.9 and 57.6 gg g-1 dry weight for Pb and Al, respectively) and Mae Klong and Petch 
Buri (average 42.2-27.5 and 34.0-32.9 gg g-1 dry weight for Pb and Al, respectively). 
For the second set, Chao Phraya and Map Ta Phut were divided by levels of Zn and Cd 
(average 95 and 47 ýtg g-1 dry weight, respectively for Zn and about 0.21 and 0.09 Ag 9 
dry weight, respectively for Cd). 
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Figure 3-19 Results from Multidimensional analysis using data for total metals, IM 
HCl extracted metals, and organic carbon and nitrogen In sediments from Map Ta Phut 
(*), Bang Pakong (+), Chao Phraya site A (-), Chao Phraya site B (*), Ta Chin (z%), Mae 
Klong (o) and Petch Buri (o). 
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3.3 Comparison of sediment characteristics from temperate and 
tropical areas 
In this study, a tropical coastal area is defined as the Plyrn estuary which is water 
temperatures lower than 20 *C. The upper Gulf of Thailand was represented tropical 
coastal areas as the temperature of water between 22-33 *C. 
3.3.1 Distribution of metals and nutrients in sediments 
Total trace metal concentrations from the Plym in temperate area were significantly 
difference between sites and depths. Especially, Cd in almost sites was trend to be 
increase downward in sediments profiles which were demonstrating these metal 
contaminations in the past. Zinc concentrations were elevated in 0-5 cm depth and 10- 
20 cm depth. Levels of Cu, Pb and Ni were found higher at the surface and subsurface 
layers. However, major metals in the temperate were not noticeably varied between sites 
and depths. For tropical zone, trace and major metal concentrations of sediment cores 
from most of the upper Gulf of Thailand reveal that concentrations changed little with 
depth in sediments indicating basic mineralogy of the sediments has remained constant 
from the past. 
Table 3-10 illustrated significant distinguish levels of total metals in sediments from the 
Plym, UK which is in temperate areas and from the upper Gulf of Thailand which is in 
tropical areas. Total concentration of Cd and Zn in temperate were ten times higher than 
in tropical. In contrast, higher concentrations of major metals (Mn, Fe and Al) in 
temperate were about ten times lower than in tropical. Copper concentrations in 
temperate was two times higher than tropical area. For Pb, OC and ON, levels of these 
variables were not distinction. In addition, Ni was found not significant difference 
between both regions. 
Table 3-10 Significantly difference (ANOVA at P<0.05) concentrations of cadmium, 
zinc, copper, and lead (gg g-1 dry weight), manganese, iron and aluminiurn (mg g-1 dry 
weight), and organic carbon and nitrogen (% dry weight) in sediments from the Plyrn 
estuary (Table 3-4, n= 60) and the upper Gulf of Thailand (Table 3-8 and 3-9, n= 105). 
Cd Zn Cu Pb Mn Fe Al OC ON 
-; f-emperate 1.42 213 99.7 48.8 0.155 7.37 4.53 1.66 0.13 - 
± 0.90 ± 78 ± 64.5 ±20.1 ± 0.066 ± 2.67 ± 1.80 ± 0.65 ± 0.07 
Tropical 0.15 20.1 34.6 34.6 1.12 25.4 39.5 1.11 0.11 
j: 0.76 ± 7.9 ±9.8 ± 9.8 ± 0.62 ± 8.2 ± 13.0 ±0.29 ± 0.03 
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3.3.2 Major characteristic of sediments 
In pervious parts, Principal component analysis (PCA) within temperate and tropical 
zone illustrated major variables controlling characteristics of sediments were nutrients 
(OC for the Plym estuary and ON for the upper Gulf of Thailand) and major metal (Fe 
and Mn for the Plym estuary and Mn for the upper Gulf of Thailand). Trace metals 
demonstrated additional characteristics of sediments in both regions. 
in this section, average concentrations of three replicate total metals and organic carbon 
and nitrogen of each depth in core sediments from the Plym estuary and the upper Gulf 
of Thailand were used for the PCA. Therefore, major characteristics of temperate and 
tropical sediments were investigated. Iron were not included in the analysis because of 
highly correlated (r > 0.912) to Mn. Results using Mn variable in the PCA were 
improved (eigenvalue = 4.38) better than using Fe variable (eigenvalue = 4.15). This 
indicated that using Mn variable present more accurate results than using Fe variable. In 
this regard, Fe was considered to be characterized sediments the same performance as 
Mn. 
Table 3 -11 shows that sediments from temperate and tropical areas were mainly 
characterised (48.7 % explain) by major metals (Mn, Fe and Al) and trace metals (Cd 
and Cu). Manganese and nutrients (organic carbon and nitrogen) described 30.8% of 
sediment variations on the second component. 
Table 3-11 Coefficients from the PCA analysis of total metal and, organic carbon and 
organic nitrogen in core sediments of the Plym estuary (n=60) and the upper Gulf of 
Thailand (n--105). 
Component PC1 PC2 PC3 PC4 PC5 
% explain 48.7% 30.8% 11.5% 3.5% 2.4% 
Cd -0.423 0.127 0.205 0.445 -0.259 
Zn -0.442 0.073 0.103 0.249 -0.530 
Cu -0.447 -0.022 -0.223 0.159 0.370 
Pb -0.242 -0.442 -0.006 0.692 -0.460 
Ni -0.150 -0.207 -0.852 -0.272 -0.023 
Mn 0.352 -0.359 0.187 -0.236 -0.150 
Al 0.423 -0.163 -0.265 -0.147 -0.409 
oc -0.197 -0.513 0.211 -0.157 0.284 
ON -0.058 -0.567 0.150 -0.244 0.182 
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These variables were clearly categorized sediments from temperate and tropical areas as 
shown in figure 3-20. Concentrations of trace metals in temperate sediments were 
higher than in tropical sediments while major metal concentrations in temperate 
sediments were lower than in tropical sediments. Organic carbon and nitrogen can be 
used to describe variation in some sites of tropical region while these variables can not 
explain variation of sediments in temperate region. Furthen-nore, sediments from the 
temperate region were more variable than sediments from the tropical region. 
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Figure 3-20 Biplot of the first and the second components from Principal Component 
Analysis using total metal and organic nitrogen, and nitrogen concentrations in core 
sediments from the Plym estuary and the upper Gulf of Thailand (Fe not include). 
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CHAPTER 4 METAL BINDING IN Cerastoderma eduleAND 
Anadara granosa 
Metals, whether essential or non-essential, are taken up by organisms and transported 
throughout the body, some possibly accumulating in particular target tissues and some 
being excreted. Metal toxicity is often thought to arise from reactions occurring in the 
cytosol, through non-specific binding of the metal to thionein ligands (metalloenzymes 
or small peptides), which are physiologically important molecules and are activated by 
metal binding. Chapter 4 describes the characteristics of proteins and of metal binding 
in Cerastoderma edule from animals collected from various estuaries in Devon, UK. 
This enabled comparisons to be made of the concentrations of proteins and metals in 
samples of Anadara granosa from various locations in the Gulf of Thailand. 
It is important to state that in this work emphasis was placed on carrying out replicate 
analyses, in order to obtain, reproducible, high quality chromatograms. Thus, 
throughout this chapter the total metals and the chromatographic profiles were derived 
from the average from three replicates of 5 cockles per replicate ( 15 cockles per tissue). 
Equally important are the statistical assessments of the inter-relationships between the 
various parameters that have been measured. In order to focus the discussion on, 
potentially, the most relevant processes linear regressions were carried out and they 
were considered acceptable if p<0.05. 
Metal-binding characteristics of cockle tissues were obtained by separating non-heated 
cytosol in Sephadex G-75 column and collected as 3 mL fraction volumes. After 
chromatographic separation of not-heat treated cytosol was analysed directly using 
flame atomic absorption spectrometry for Zn and Fe and GF-AAS for Cd and Cu, 
without prior digestion of the samples. Metals were examined in column fractions in 
order to investigate distribution of the metal in soft tissues and among various molecular 
weight pools of the cytosol. 
4.1 Total concentrations of metals in cockles from temperate and 
tropical estuaries 
The total concentrations of metals in various organs of cockles from temperate and 
tropical estuaries are shown in Figure 4-1. Cadmium concentrations (Figure 4-1a) were 
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Chapter 4: Metal binding in Cerastoderma edule andAnadara granosa 
relatively low and constant in all the organs of cockles from the Avon. The Cd 
concentrations in the Plym and Tamar were higher and the highest Cd concentrations 
were found in the gills of cockles from the Tamar (5.6 gg g-1 dry weight). In contrast, 
the Cd concentrations in the tropical estuaries were higher, particularly in the gills, 
where the maximum concentration (16.1 gg g-1 dry weight) was in the Ta Chin Estuary. 
In the estuaries of the Chao Phraya and the Paech Buri there were also elevated Cd 
concentrations in the body. Total concentrations of Zn (Figure 4- 1 b) had some 
similarities to those of Cd. The temperate estuaries had concentrations in all organs that 
were relatively constant and, with the exception of gills in the Plym, Zn concentrations 
were <200 gg g-ldry weight. Total Zn concentrations in cockles from tropical estuaries 
were high in the gills, low in guts -and bodies. Highest total Zn concentrations were 
found in Chao Phraya B and Ta Chin. 
Total concentrations of Cu (Figure 4-1c) in temperate estuaries were relatively low in 
the bodies and the gills, with an exception of the Plym. In the case of the guts, total Cu 
concentrations increased from the Avon to the Plyrn to the Tamar. The Tamar cockles 
showed the highest gut concentrations (76 gg g-1 dry weight of any of the samples, 
which was possibly related to the fact that there were significant Cu inputs from past 
mining activities. 
Total concentrations of Fe (Figure 4-1d) in temperate cockles were lowest for the Avon, 
with the guts having the highest concentrations. For the Plyrn and Tamar, total Fe 
concentrations were higher than the Avon, with the highest concentrations being found 
in the guts. The bodies and gills from the Plym and Tamar also had relatively high 
concentrations. It was anticipated that the total Fe concentrations in the bodies ofA. 
granosa would be relatively high, whereas the Fe concentrations were lower than those 
for temperate cockles. Some concentrations in the gills and foot of tropical cockles were 
relatively high. Overall there were no strong differences in the Fe content of temperate 
and tropical estuaries. 
4.2 Metallothionein and metal binding in the Cerastoderma edule from 
the Devon estuaries 
This section describes the characteristics of the chromatographic elution profiles of 
proteins and metals from organs of C edule from the Devon estuaries, in particular the 
Plym, considered as the representative site. 
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4.2.1 Characteristics of proteins 
Typical proteins 
The characteristic UV-absorbance profiles, at 254 nm, from both heat-treated and 
untreated supernatant are plotted in Figure 4-2. The first major peak to elute (fractions 
II to 20) represents high molecular weight (HMW; >80 kDa) proteins, including 
enzymes and metalloenzymes, and they are dominant in the non-heat-treated 
supernatant extracts. Very low molecular weight (VLMW <5 kDa) compounds, 
including amino acids and small peptides, are responsible for the second peak in 
absorbance, i. e. fractions 31 to 50. For validation purposes, an aliquot of heat-treated 
supernatant was separated in the chromatographic column in order to confirrn the 
precipitation of the majority of high molecular weight proteins and the heat stability of 
metal lothionein- like protein (MTLP), in the molecular weight range 19 to 28 kDa, 
which is assumed to elute in fractions 21 to 30. Comparison of the two absorbance 
profiles in Figure 4-2a and 4-2b indicates that heat treatment removes most of the 
HMW proteins from the supernatant samples of the common cockle. Heat de-naturation 
followed by centrifugation should, therefore, minimise interference from other proteins 
during MTLP determinations. 
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Figure 4-2 Chromatographic elution profiles of absorbances at 254 nrn of a) non-heat 
treated and b) heat treated in body, gills, gut, and foot (average from three replicates per 
tissues, pooled samples of five individuals per replicate) of C edule from the Plym 
Estuary. 
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Sulphur containing Proteins 
Chromatographic fractions from heat-treated and untreated cockle samples were 
analysed for cysteine (-SH) proteins which were formed by difulphide bridges 
according to their responses to DPP. In untreated supernatant samples, a high thiolic 
response was measurable both in the HMW (80 kDa) pool between fractions II to 20 
and in the MTLP (19 to 28 kDa) pool between fractions 21 to 35, as shown in Figure 4- 
3a. After heat-treatment of the supernatant samples, the DPP response associated with 
HMW proteins was reduced (mostly precipitated, along with any associated metal) 
whilst that attributable to MTLP remained (Figure 4-3b). It was concluded that heat 
treatment and centrifugation separates MTLP from other interfering compounds in 
cockle supernatants, thereby allowing direct quantification of the protein by DPP. 
However, there was almost no DPP response in the VLMW fractions. 
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Figure 4-3 Characteristic cysteine proteins in column fractions of a) non-heat treated 
and b) heat treated superriatant in body, gills, gut, and foot (average from three 
replicates per tissues, pooled samples of five individuals per replicate) of C edule from 
the Plym Estuary. 
The highest concentration of MTLP was observed in the gut (3.55 ±1.95 mg g-1 dry 
weight) while the lowest content was found in the foot (0.25 ± 0.2 mg g-1 dry weight). 
These amounts of MTLP compared to total cysteine proteins in DPP respond, accounted 
for 87 ± 0%, 73 ± 8%, 30 ± 19% and 31 ± 13 % in the body, gut, gills and foot, 
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respectively (Figure 4-4a). There were no linear relationships between MTLII in the 
various organs of C. edide from the Devon estuaries. Although not significant the data 
shown in Figure 4-4b indicates that the concentration of MTLP in tile gut was enhanced 
about ten-fold compared to the MTLP concentration of in the gills. 
a) Percent MTLP b) Relationship of MTLP In gut and gills 
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Figure 4-4 a) Percent metallothionen-like proteins In body, gut, gills and foot (average 
from three replicates per tissues, pooled samples of five individuals per replicate) of the 
C. edide from the Plym Estuary, and b) Relationship between meta I loth ionein- I ike 
protein in the gills (MTLP-Gills) and the gut (MTLP-Gut) of C. ethile from Devon 
estuaries. 
4.2.2 Distributions of metals in tissues 
Cadmium 
Characteristic profiles from the chromatographic separation oft'd III the Supernatant of' 
extracts of the organs of common cockles from the Plyin are Illustrated in Figure 4-5a. 
For comparison, measurements in each eluting fraction were combined into three metal- 
ligand pools: a HMW pool (<80 kDa), eluting from the II to 20 fractions, which 
includes metalloenzyme; a MTLP pool (21 kDa) eluting during fractions 22 to 31 and a 
VLMW pool, cluting in fractions 32 to 55, which includes amino acids and small 
peptides. Cadmium partitioning into the three cytosolic pools was observed, although 
the amounts in the VLMW fractions were relatively small. The highest concentrations 
of Cd were bound to the HMW fraction (0.92 ± 0.57 ýig g1 dry weight) in the gut and 
MTLP (0.59 ± 0.27 pg g-' dry weight) in the body. 
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The percentages of Cd (and other metals) bound to each of the three fractions, as a 
proportion of the total metal associated with the three factions, were estimated as 
follows :- (1) summing the Cd concentrations in the HMW, MTLP and VLMW fractions 
to obtain a total for each at each of the three sites, (ii) calculating the percentage of each 
fraction, as a proportion of the total, for each site and (iii) averaging the three 
precentages for three sites for a particular fraction. Thus, for MTLP-bound Cd, the 
percentage was dependent on the tissue. The proportion of Cd associated with HMW 
compounds varied between 47% and 66%, between 23% and 41% was bound to MTLP 
and 8% to 12% was bound with the VLMW pool (Figure 4-5b). Concentrations of Cd 
were predominantly bound to HMW, followed by MTLP, the exception was for the gills 
where Cd was almost equally associated with the HMW protein (47 ± 2%) and MTLP 
(41 ± 3%). Only small concentrations of Cd were associated with the VLMW pool. 
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Figure 4-5 a) Characteristics of cadmium partitioning in chromatographic clution 
profiles of the C edule from the Plym Estuary (average from three replicates per tissues, 
pooled samples of five individuals per replicate) and b) Percent cadmium partitioning in 
high molecular weight (HMW), in metallothionein-like protein (MTLP) and in very low 
molecular weight (VLMW) pools in body, gills, gut and foot of C edule from Devon 
estuaries. 
Only a few significant linear regression relationships existed between the concentrations 
of Cd in various fractions (Table 4-1). Thus the concentrations of Cd in the HMW 
fraction of the body were dependent of the total Cd concentrations (Figure 4-6a), as 
were the MTLP concentrations in the body and gut. The concentrations of Cd associated 
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with MTLP in the body, gills and foot were linearly correlated with the Cd in the HMW 
fraction (Figure 4-6b). These relationships are also an indication that elevated metal 
burdens are a potential cause of HMW and MTLP induction in common cockles (Figure 
4-6). There were no significant relationships between the Cd concentrations in the 
VLMW fractions of the various organs and the concentrations of Cd in the other 
fractions or the total Cd. 
Table 4-1 Significant linear regressions of Cd associated with total Cd, [Cd]T, and 
various molecular weight fractions in C. eAle. --- linear regression not significant. 
Regression Tissue Cerastoderma edule 
Cadmium HMW vs Total Body [Cd] .... .. - 0.34 * [CcIl, - 0.50 
Gills --- 
Gut --- 
Foot --- 
MTLP vs Total Body [GII .... . - 0.32 * [Cd], - 0.63 
Gills --- 
Gut [Cd] .... . - 0.16*[Cd], ý - 0.02 
Foot 
MTLP vs HMW Body [Cdl,,,,, ý 0.87*[Cd],,,,,, -0.13 
Gills [Cd] ... . - 1.14 * [Cd]II - 0,17 
Gut [Cd],,,,, = 0.19 * [Cd],,,,,,, - 0.19 
Foot --- 
a) Relationships of total Cd and Cd-HMW b) Relationships of Cd-HMW and Cd-MTLP 
1.2 
13 
13 
130 
13 
13 
mM 
ism 
1.0 
0.8 
0.6 
CL. A 
--ý 
0.4 *4L F-- 
0.2 
0.8 
-ci Im 
0.4 
0.0 
0 24 
Total Cd (pg g-1 dry wt. ) 
m HMW ci MTLP 
0.0 
12 
C d-H MW (pg g-' dry wt. ) 
3 
Figure 4-6 Significant relationships (at P<0.05) between a) concentrations of total Cd 
and Cd-HMW in the body and b) concentrations of total Cd and Cd-MTLP In the gills 
and gut of C. edule from Devon estuaries. 
III 
Chapter 4: Metal binding in Cerastoderma edule and Anadara granosa 
Zinc 
The distribution of Zn in the supernatant fractions gave well-defined peaks which were 
at different locations to those of Cd. The peaks of Zn were associated with HMW (at 
about 80 kDa) and VLMW (at about 3 kDa) protein pools (Figure 4-7a). There was only 
a small peak of Zn, just above the baseline, for Zn bound to the MTLP (34 kDa) 
fraction. High concentrations of Zn were associated with the HMW fraction of the gills 
and gut. The highest content of Zn in the VLMW (143 ± 20 pg g-1 dry weight) was in 
the gills of C. edule from the Plym Estuary. Significant differences in Zn concentrations 
were observed in the VLMW fraction in different tissues, although the intra-tissue 
variation in Zn partitioning between the fractions was less pronounced than other 
metals. The greatest proportion of Zn was associated with the HMW pool (52-62%) 
while the amount of Zn partitioning in MTLP and VLMW were lower, approximately 
10% and 20%, respectively (Figure 4-7b). An exception was for the gills, where there 
were similar amounts of Zn associated with HMW (40%) and VLMW (46%). 
a) Characteristics of zinc partitioning b) Percent zinc partitioning 
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Figure 4-7 a) Characteristics of zinc partitioning in chromatographic elution profiles of 
the C. edule from the Plym Estuary (average from three replicates per tissues, pooled 
samples of five individuals per replicate) and b) Percent zinc partitioning in high 
molecular weight (HWM), in metallothionein-like protein (MTLP), and in very low 
molecular weight (VLMW) pools in body, gills, gut, and foot of C edule from Devon 
estuaries. 
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The linear regression results are demonstrated in Table 4-2 and these show that the 
partitioning of the Zn in the HMW and VLMW fractions was dependent on the total Zn, 
particularly in the gills and to some extent the gut. The concentration of Zn associated 
with the VLMW fraction was dependent on the concentration of Zn-HMW. Figure 4-8a 
shows the Zn-HMW concentrations, in the body, gills and gut plotted against the total 
Zn in those organs. Figure 4-8b shows the relationships between the HMW and VLMW 
fractions of Zn in the body, gills and gut. Importantly, because the concentration of Zn- 
MTLP was low it had no significant relationships with the total Zn concentrations or 
those in the HMW and VLMW fractions. This distribution of Zn is very different to that 
shown for Cd in the previous section. 
Table 4-2. Significant linear regressions of Zn associated with total Zn, [Zn]T, and 
various molecular weight fractions in C edide. --- linear regression not significant. 
Regression Tissue Cerastoderma edule 
Zinc HMW vs Total Body --- 
Gills [Zn],,,, = 0.25 *[Zn ], + 10.6 
Gut [Zn],,,,,,. = 0,32 *[A ], + 22.0 
Foot --- 
VLMW vs Total Body --- 
Gills =0.58*[Zn ], -44.8 
Gut --- 
Foot --- 
VLMW vs HMW Body [Zn],,.,,,. =0.40*[Zn l,,,, +13.0 
Gills IAI VLAfW = 2.5 5*A - 97.4 
Gut A ],,,, w = 0.5 5* Zn + 14.3 
Foot --- 
a) Relationships of total Zn and Zn-HMW b) Relationships of Zn-HMW and Zn-VLMW 
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Figure 4-8 Significant relationships (at P<0.05) between a) concentrations of total zinc 
and Zn-HMW in the gills, and gut and b) concentrations of Zn-HMW and Zn-VLMW in 
the body, gills and gut of C edule from Devon estuaries. 
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Copper 
The chromatographic profiles of Cu in the supernatants from the Plyrn indicated that Cu 
was present in most fractions (Figure 4-9a), with a broad peak covering most fractions. 
Furthermore, the distributions of Cu in supernatant fractions were not as definitive as 
those for Cd and Zn because the concentrations were very low (close to the detection 
limit). The highest partitioning of Cu was in the HMW pool for gills (45 ± I%), gut (45 
± 17%) and foot (38 ± 16%) whereas the highest amount of Cu in the MTLP pool (42 ± 
12%) was in the body (Figure 4-9b). Given the uncertainty about the distribution of Cu 
in the various tissues, statistical interpretation would be subject to error and was not 
conducted. 
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Figure 4-9 a) Characteristics of copper partitioning in chromatographic elution profiles 
of C. edide from the Plym Estuary (average from three replicates per tissues, pooled 
samples of five individuals per replicate) and b) Percent copper partitioning in high 
molecular weight (HWM), in metallothionem-like protein (MTLP), and in very low 
molecular weight (VLMW) pools in body, gills, gut, and foot of C edide from Devon 
estuaries. 
Iron 
Significant peaks of Fe were found in the elution region of the HMW fraction (- 80 
kDa). importantly, this peak corresponded well with peaks of HMW and the Zn peak 
(fraction 12) but eluted fraction was slightly later than the peak in HMW for Cd 
(fraction 11). Consequently, it maybe concluded that Fe, Zn and Cd are concentrated in 
proteins that are enriched with sulfydryl groups. In comparison with partitioning in the 
114 
0 10 20 30 40 50 60 
Chapter 4. - Metal binding in C'erastoderma eaule and Anaaara granosa 
MTLP and VLMW pools, the Fe concentration in the HMW pool was the highest. 
When compared with different tissue types, concentrations in HMW were found to 
follow the order of gut (260 ± 114 Rg g-1 dry weight) > gill (163 ± 67 Rg g-1 dry weight) 
> body (135 ± 88 Rg g- I dry weight) > foot (65 ± 21 Rg g-' dry weight). The highest 
concentration of Fe-HMW in the gut also corresponds to the highest Cd concentrations. 
Furthermore, Fe concentrations in MTLP and VLMW were similar (Figure 4- 1 Oa). 
Regarding the whole chromatograrn, about 40% of Fe was associated in the HMW pool 
(Figure 4-10b). A similar amount of Fe partitioning was also found in VLMW in the 
gill, gut and body, while Fe bound to MTLP was about 20%. However, characteristics 
Fe bound to MTLP and VLMW in the foot were found to be almost equal (26 and 28%, 
respectively). 
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Figure 4-10 a) Characteristic of iron partitioning in chromatographic elution profiles of 
C. ethile from the Plym Estuary (average from three replicates per tissues, pooled 
samples of five individuals per replicate) and b) Percent iron partitioning in high 
molecular weight (HWM), in metal lothionein-like protein (MTLP), and in very low 
molecular weight (VLMW) pools in body, gills, gut, and foot of C edule from Devon 
estuaries. 
The relationships between total Fe and Fe in the various fractions in the body, gills and 
gut are shown in Table 4-3. The concentrations of Fe in the HMW, MTLP and VLMW 
fractions of the body were all dependent on the total Fe concentrations. Specially, linear 
relationships between total Fe and Fe-HMW in all organs were very significant (Fe- 
HMW = 0.284 Total Fe - 63.74, R2=0.7666, n=30) as show in Figure 4-1 Ia. Also the 
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concentration of Fe-MTLP was dependent on Fe-HMW in the body, suggesting that 
haern proteins might be implicated in the formation of Fe-MTLP. 
Table 4-3 Linear regressions of Fe associated with total Fe, [Fe1T, and various 
molecular weight fractions in C. edule. --- linear regression not significant. Zý I 
Regression Tissue Cerastoderma edule 
Iron HMW vs Total Body Fel ...... ý 0.34 *[h'e], - 99.5 
Gills [Feljjtfw = 0.18 *[Fel, + 1.7 
Gut [Fel,,,. = 0.29 * [Fe], - 39.7 
Foot --- 
MTLP vs Total Body Fel,,,,, = 0.20 * [Fe], - 67.4 
Gills --- 
Gut 
Foot 
VLMW vs Total Body [Fcl,,,,,, -0.26*[P'e]T-70.5 
Gills 
Gut 
Foot 
MTLP vs HMW Body [P'el,,,,, =0.46*[Fe]H, 1,1,, +8.0 
Gills --- 
Gut --- 
Foot --- 
VLMW vs MTLP Body [Fel,,,,,, -1.39*[he],,.,,, -15.6 
Gills --- 
Gut --- 
Foot 
a) Relationships of Total Fe and Fe-HMW b) Relationships of Fe-HMW and Fe-MTLP 
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Figure 4-11 Significant relationships of Fe a) between concentrations of total Fe and 
Fe-HMW in the body, gills and gut and b) between Fe-HMW and Fe-MTLP in the 
body, gills, gut and foot of C edule from the Devon estuaries. 
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Figure 4-11 b shows a plot of Fe-MTLP versus Fe-HMW, where the data is scattered for 
the gills, gut and foot but less so for the body. However, there was no relationship 
between Fe-VLMW and the Fe-HMW, suggesting that the Fe is specifically taken up 
into the MTLP pool rather than the VLMW pool. The uptake of Fe into the VLMW 
pool, in the body, was dependent on the concentration in the Fe-MTLP fraction. 
4.3 Metallothionein and metal binding in Anadara granosa from the 
upper Gulf of Thailand 
This section describes the concentrations of proteins and the metal binding 
characteristics of A. granosa collected from the Map Ta Phut Industrial Estate (the 
representative site) and other sites in the upper Gulf of Thailand. 
4.3.1 Characteristics of Proteins 
Typical proteins 
The chromatographic profiles from the body, gills, gut and foot of A. granosa show 
peaks in the HMW and VLMW regions (Figure 4-12a). The exception was for gills, 
where the profile has a peak in the HMW region and two peaks in VLMW region. The 
HMW peaks of the body, gills and gut were larger than 67 kDa, representing proteins 
such as haemoglobin. For the foot, the HMW peak was at a lower molecular weight 
than for the other tissues (approximately 57 kDa). The VLMW peaks were present for 
all tissues and were generally less than 1 kDa, corresponding to amino-acids and 
peptides. 
The highest HMW absorbance was found in the gut, followed by the body. The HMW 
peak for the gills and foot were lower than for the body and gut. For each tissue, the 
absorbances in the HMW peaks of A. granosa were higher than in C edule. However, 
the interferences from HMW proteins were less for A. granosa supernatant samples 
following heat treatment and centrngation (Figure 4-12b). Importantly, the heat 
denaturation in the MTLP region of A. granosa was not reduced. 
Cysteine Proteins 
The DPP response of the supernatants of non-heated cytosol from the tissue of A. 
granosa revealed that there were two peaks (Figure 4-13a). The results demonstrated 
that cysteine prote in HMW peaks were present at an apparent molecular weight greater 
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Figure 4-12 Chromatographic elution profiles of absorbances at 254 nm of a) non heat 
treated and b) heat treated supernatant in the body, gills, gut and foot (average from 
three replicates per tissue, pooled samples of five individuals per replicate) of A. 
granosa from Map Ta Phut. 
than 67 kDa in the body, gills and gut and at 53 kDa in the foot. These indicated that the 
HMW proteins of the foot differed slightly from other tissues of A. granoscl. Other 
molecular weight peaks were at approximately 20 kDa, which corresponded to the 
MTLP pools. The gills had a higher cysteine protein peak at HMW pools than other 
tissues which all had similar levels. In contrast, the highest MTLP peak was observed in 
the gut and MTLP was similar in the gills and the body but was slightly lower in the 
foot. 
The concentrations of MTLP in tissues of A. grunosa were 5.46 ± 3.28 mg g -' dry 
weight in the gut, 2.05 + 0.83 mg g -1 dry weight in the gills, 1.8 1±0.59 mg g-1 dry 
weight in the body and 1.57 ± 0.73 mg g -1 dry weight in the foot. The majority of 
HMW cysteine proteins was again removed by heat treatment of the supernatant (Figure 
4-13b). 
The chromatographic profiles of the DPP response for each of the heat treated 
supernatants showed that the MTLP pools accounted for 85 ± 3%, 74 ± 2%, 65 ± 2% 
and 62 ± 38% of the total DPP response in the gut, body, gills and foot, respectively 
(Figure 4-14a). 
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Figure 4-13 Chromatograms of the cysteine proteins of a) non-heat treated and b) heat 
treated supernatant in body, gills, gut and foot of A. granosa from Map Ta Phut 
(average from three replicates per tissue, pooled samples of five individuals per 
replicate). 
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Figure 4-14 a) Percent metallothionem-like protein in gut, body, gills and foot of the 
Anaddra granosa from Map Ta Phut and b) Significant relationship (at P<0.05) 
between MTLP in gills (MTLP-Gills) and body (MTLP-Body) of A. grCinosa from the 
upper Gulf of Thailand. 
if outlier values for two samples from Map Ta Phut, and one sample from Bang Pakong 
and Chao Phraya were discarded from the statistical analysis, then significant (P < 0.05) 
linear regressions were observed between MTLP concentration in the body and the gills 
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(r2 = 56%, n= 17) (Figure 4-14b). This relationship indicated that MTLP concentrations 
in the body increased to almost two-fold of the MTLP concentrations in the gills 
according to: - 
[MTLP] ,, y = 
1.87 * [MTLP]Gill, - 1.53 
4.3.2 Distribution of metals in tissues 
Cadmium 
The Cd in the supernatants of the body, gut and foot of A. granosa indicated that Cd 
was distributed between two peaks (Figure 4-15a). In the first peak, Cd was associated 
with HMW proteins (> 67 kDa), although the exception was for the gills where there 
were two peaks in the HMW region. The first peak also appeared in the same fraction of 
the gut and a smaller secondary peak corresponding to 44 kDa was also present. 
Cadmium was also eluted with MTLP at a molecular weight of approximately 20 kDa. 
The highest concentrations of Cd associated with the HMW and the MTLP pools were 
found in the gills. Thus, the concentration of Cd associated with MTLP in the gills (4.34 
± 3.16 gg g-1 dry weight) was higher than in other tissues, for example in the body and 
the foot (1.60 ± 0.76 and 1.40 ± 1.29 gg g-1 dry weight, respectively), and the lowest 
level in the gut (0.77 ± 0.62 pg g-1 dry weight), 
The percentage of Cd distributed between the different cytosol proteins are presented in 
Figure 4-15b. The chromatographic separations obtain from gills and body supernatants 
contained an appreciable amount of Cd in the MTLP pool (accounting for 70% of total 
supernatant Cd). These results indicated a potential protective role for these proteins in 
the body and gills. Although the concentrations of Cd associated with MTLP in the gut 
and foot were lower, the MTLP pool still represents relatively high Cd partitioning (55 
and 47%, respectively) in these tissues. 
The binding proportion of Cd to HMW and VLMW pools of the body were similar to 
those of the gills. The percentage of Cd in the body and gills supernatants associated 
with HMW and VLMW pools were 25 and 5%, respectively. For the gut and foot, Cd 
partitioning in 
HMW pools accounted for about 35% of the total Cd, while Cd in the VLMW pool was 
less (10 and 17% for gut and foot, respectively). Furthermore, the coefficient of 
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variations for the percentages of Cd distributed in the HMW, MTLP and VLMW pools 
were generally less than 10%. 
a) Characteristics of cadmium partitioning b) Percent cadmium partitioning 
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Figure 4-15 a) Characteristics of cadmium partitioning in chromatographic elution 
profiles of the A. granosa from Map Ta Phut (average from three replicates per tissue, 
pooled samples of five individuals per replicate) and b) Percent cadmium partitioning in 
high molecular weight (HWM), in metallothione in- like protein (MTLP), and in very 
low molecular weight (VLMW) pools in the body, gills, gut and foot of the A. granosa 
from the upper Gulf of Thailand. 
The significant linear regressions are shown in Table 4-4. These show that the 
concentrations of Cd-HMW and Cd-MTLP (Figure 4-16a), in the gills and gut of A. 
granosa, and for Cd-MTLP the body, are dependent on the total Cd. The concentrations 
of Cd-MTLP are dependent on the concentration of Cd-HMW (Figure 4-16b) in the 
body, gut and foot, possibly as a result of the haemoglobin in the blood stream. The Cd- 
VLMW fraction had no significant relationships with the total Cd or any other fraction, 
possibly because of the low concentrations. 
Zinc 
The characterisation of Zn partitioning between different tissues showed that there was 
a major peak in the HMW regions for the body, gills, gut and foot, with an apparent 
molecular mass about 70 kDa (Figure 4-17a). Less intense peaks of Zn associated with 
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Table 4-4 Significant linear regressions of Cd associated with total Cd, [Cd]T, and 
various molecular weight fractions in A. granosa. --- linear regression not significant. 
Regression Tissue A nadara granosa 
Cadmium HMW vs Total Body --- 
Gills [Cd = 0.11 * [Cd 0.07 
Gut [Cd = 0.05 * [Cd 0.08 
Foot --- 
MTLP vs Total Body [Cd I,,, = 0.31 *[Cd], +0.17 
Gills [Cdl,,, = 0.57 * lcd]T - 1.95 
Gut Wdl,, = 0.15 * [Cd], + 0.05 
Foot --- 
MTLP vs Body [Cd],,,,, = 1-08 * [Cd],,,,, + 0.89 
HMW 
Gills --- 
Gut [Cd] ,,, = 0.10 * [Cd],,, f,,, + 0.22 
Foot (Cd = 1.62 * [Cd ]j. ý 0.06 
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Figure 4-16 Significant relationships (at P<0.05) of cadmium a) between 
concentrations of total-Cd and partitioining in Cd-MTLP in the body, gills and gut and 
b) between the Cd-HMW and Cd-MTLP in the gills and gut of the A. granosa. 
VLMW were also found approximate molecular weights of 4 kDa and there was 
virtually no detectable Zn partitioning in the MTLP fraction. The character'stic elution 
profiles of Zn in the gills were different to the other tissues. Thus, the highest 
concentration of Zn was bound to HMW in the gills (125 ± 54 P9 g-1 dry weight), 
whereas the concentrations of Zn associated with MTLP and VLMW, In the gills, were 
much less, approximately 20 and 30 pg g-1 dry weight respectively. These results 
""" 
". 
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demonstrated that the binding of Zn with HMW was a significant feature in A. granosa. 
The relative percentage of Zn partitioning is shown Figure 4-17b. The highest 
percentage of Zn was found in the HMW pools. This accounted for > 74% in the body, 
gills and gut and approximately 67% in the foot. Considerably lower percentages of Zn 
were associated with VLMW (14-20%) and slightly lower again in the MTLP fraction 
(9-14%). 
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Figure 4-17 a) Characteristics of zinc partitioning in chromatographic elution profiles 
of the A. granosa from Map Ta Phut (average from three replicates per tissue, pooled 
samples of five individuals per replicate) and b) Percent zinc partitioning in high 
molecular weight (HWM), in metallothionein-like protein (MTLP), and In very low 
molecular weight (VLMW) pools in the body, gills, gut and foot of the A. granosa from 
the upper Gulf of Thailand. 
The linear regressions of the concentrations of the totals and of the various fractions are 
shown in Table 4-5. The concentrations of Zn-HMW and Zn-MTLP in almost all organs 
were dependent on the total concentratlon and these remarkably consistent relationships 
are shown in Figure 4-18a. Also, the Zn-VLMW fraction in the body was dependent on 
the total concentration. The concentration in the Zn-MTLP fraction was dependent on 
the fraction of Zn-HMW in body and foot and the Zn-VLMW was dependent on the Zn- 
MTLP fraction in all tissues (Figure 4-18b). 
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Table 4-5 Linear regressions of Zn associated with total Zn, [Zn]T, and various 
molecular weight fractions in A. granosa. --- linear regression not significant. 
Regression Tissue A nadara granONa 
Zinc [Znl,,.,, VS [A], Body [Zn],,,,,, = 0.66 * [Ztzj, - 9.4 
Gills [A=0.12 *( 7-n 1, + 59.5 
Gut [ 7-n = 0.39 * Vn IT -, 24.1 
Foot [Znl ....... = 0.19 *[ Zn IT +22.4 
[Znl,,,,, VS[bz], Body [Z-nl,,,,, = 0.06 * [7n], - 0.37 
Gills [Zn],,,, = 0.05 * [AIT + 48.7 
Gut --- 
Foot fA=0.03 * [Znl, + 6.9 
[ZnI,,,, YS [Zn] ...... Body [Znl,,,, = 0.06 * [Zn],,,,,, + 2,2 
Gills --- 
Gut 
Foot [Zn] ,, p = 0.15 * [7-n] ...... +4.5 
1z"I"'. VSlz, '], Body [Znl,. Llf, = 0.04 * [ZnI, + 3.8 
Gills --- 
Gut --- 
Foot --- 
[Z"j, 
". 
ý'Slznbfnj, Body [Zn ý 0.64 * [Zn ],,,, + 4.2 
Gills [Znl,,,, = 0.95 * [Znl,,,. p + 10 
Gut [Znl,,,,, = 1.2 * [Znl. tfTLP + 0.8 
Foot [Zn],,,,, = 1.53 * [Zn],,,,,,, + 1.4 
a) Relationships of total Zn and Zn-HMW b) Relationships of Zn-HMW and Zn-VLMW 
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Figure 4-18 Significant relationships (P < 0.05) between a) concentrations of total zinc 
and the Zn-HMW and b) concentrations of Zn-HMW and Zn-VLMW in the body, gills, 
gut and foot of A. granosa from the upper Gulf of Thailand. 
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Copper 
Figure 4-19a demonstrates Cu distribution in the tissues of A. grtinosa. As noted in 
Section 4.3.1 the concentrations were low but there was less variability in the Cu 
concentrations in the chrornatograms for A. granosa than C edule. However, Cu was 
distributed relatively randomly over the eluted fractions; the distributions of Cu were 
difficult to observe with any certainty. Copper tended to associate with the HMW pool 
and in this fraction was most concentrated in the gills, with a concentration of 3.04 ± 
0.98 pg g-' dry weight. Copper was found to bind to the MTLP and VLMW pools and 
to a lesser extent to the HMW pool. Percentages of Cu partitioning in HMW, MTLP and 
VLMW were 40-50%, 24-30% and 25-35%, respectively (Figure 4-19b). The only 
significant linear regressions arising from the Cu data were between the Cu-HMW and 
Cu-total and Cu-MTLP and Cu total (Figure 4-20), although the results look scattered. 
a) Characteristics of copper partitioning 
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Figure 4-19 a) Characteristics of copper partitioning in chromatographic elution 
profiles in body, gills, gut, and foot of A. granosa from the Map Ta Phut (average from 
three replicates per tissue, pooled samples of five individuals per replicate) and b) 
Percent copper partitioning in high molecular weight (HWM), in metal lothionein-like 
protein (MTLP), and in very low molecular weight (VLMW) pools in the body, gills, 
gut and foot of the A granosa from the upper Gulf of Thailand. 
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Figure 4-20 Significant relationships between concentrations of total-Cu and copper 
partitioning in HMW and MTLP in the body of A. granosa from the upper Gulf of 
Thailand. 
Iron 
The results of Fe partitioning in A. granosa is shown in Figure 4-2 Ia. The distribution 
of Fe in chromatographic elution profiles was similar for all tissues. A major peak was 
always observed for the HMW fraction, while a smaller peak was detected in the MTLP 
region. After re-calibration using the molecular weight standards, it appeared that the 
HMW peaks in the tissues were in slightly different fractions. These peaks 
corresponded to approximately 67 kDa for the body and gills, and about 78 kDa for the 
gut. Also, the HMW peak in the foot, which eluted between fraction numbers II and 16, 
corresponded to a relative wide molecular weight range of 57-84 kDa. The MTLP peak 
of Fe was at approximately 21 to 24 kDa for the body, gills and gut and 21 to 30 kDa 
for the foot. 
The Fe-association with the different molecular weight fractions varied in the order 
HMW > MTLP > VLMW being obtained in for the body, gills and gut whereas the 
order of VLMW > HMW > MTLP was observed in the foot. The concentrations of Fe 
partitioning in HMW and MTLP were 176 ± 74 and 119 ± 69 ý19 9-1 dry weight, 
respectively, in the gills. However, the highest Fe concentrations bound to the VLMW 
pool (133 ± 58 ýtg g-1 dry weight) were found in the foot of A. granosa. 
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a) Characteristics of iron partitioning 
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Figure 4-21 a) Characteristics of iron partitioning in the chromatograms elutions of A. 
granosa from Map Ta Phut (average from three replicates per tissue, pooled samples of 
five individuals per replicate) and b) Percent iron partitioning in high molecular weight 
(HWM), in metal lothi onein- I ike protein (MTLP), and in very low molecular weight 
(VLMW) pools in the body, gills, gut and foot of the A. granosa from the upper Gulf of 
Thailand. 
in the body, gills and gut, the percentage of Fe associated with HMW pool were similar 
with about 50% being as the HMW fraction in each case. The percentage decreased to 
23-3 1% for the MTLP and 19-26% for the VLMW pools (Figure 4-2 1 b). These 
percentages were relatively consistent with a coefficient of variation of less than 7%. By 
contrast, the foot had similar percentages of Fe bound to the HMW and to the VLMW 
(33-39%), followed by a slightly lower percentage of Fe partitioning in MTLP (28%). 
The significant linear regressions involving the Fe-total and the various Fe-associated 
molecular weight fractions are shown in Table 4-6. The concentrations of Fe in the 
HMW, MTLP and VLMW fractions of the body were all dependent on Fe-total, as was 
the amount of Fe-HMW and Fe-MTLP in the gills. This relationship is shown in Figure 
4-22a, which also shows data for the gut which was not linearly related to Fe-total. 
Also, Table 4-6 shows highly significant linear regressions (r 2=9 1 %; n= 18) for Fe- 
MTLP against Fe-HMW (Figure 4-22b). The regression equations, Table 4-6, for the 
MTLP and HMW fractions of Fe are remarkably consistent. This suggests that Fe 
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Table 4-6 Linear regressions of Fe associated with total Fe, [Fe]T, and various 
molecular weight fractions in A. ýgl*CI170-,; a. --- 
linear reg,, ression not significant. 
Regression Tissue A nadara granosa 
Iron HMW vs Total Body Fe 0.2 2*[ Fe + 5.1 
Gills [Fel ...... 0.10 *[ Fe +99.9 
Gut --- 
Foot 
MTLP vs Total Body L Fej,,,, = 0.12 *L Fe], + 6.1 
Gills Fe 1, 0.0 3 Fe 1, -67.4 
Gut --- 
Foot --- 
VLMW vs Total Body Fe 0.06 Fe J, + 8.2 
Gills --- 
Gut 
Foot --- 
MTLP vs HMW Body [Fel .... .. 0.66 Fel ....... -4.3 
Gills [ Fe ],,,, 0.5 3 Fe I/1, f1j, + 12.3 
Gut [ Fe I ,,, = 0.3 6*[ Fe I...... +5.1 
Foot Fe 1 0.6 0[ Fe 1 11,1,, + 18.2 
VLMW vs HMW Body 0.63 [Fel, 1111 - 12 
Gills --- 
Gut 
Foot --- 
VLMW vs Body [Fel,,,,,,, =0.86*[F(, ],,, -4.5 
MTLP 
Gills 
Gut --- 
Foot 
a) Relationships of Total Fe and Fe-HMW 
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Figure 4-22 Significant relationships for Fe a) between concentrations of Fe-total and 
Fe-HMW and b) between Fe-HMW and in Fe-MTLP in the body, gill, and gut of. 4. 
granosa. 
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associated with HMW proteins may be a major component of haemoglobin, which is 
involved in the transportation mechanism of MTLP from the gills to the body in A. 
granosa. 
4.4 Comparison of metal binding in Cerastoderma edule and Anadara 
granosa 
A comparison of the concentrations of MTLP in various organs of cockles from both 
temperate and tropical estuaries is shown in Figure 4-23 and was derived from the DPP 
method. For temperate estuaries the concentrations of MTLP in the bodies were <2 mg 
9- 1 and the concentrations in the gills and foot were relatively low. In contrast, the 
MTLP concentrations in the guts of cockles increased from <2 mg g-1, for the relatively 
clean Avon Estuary, to about 6 mg g-1 for cockles from the Tamar. 
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Figure 4-23 The concentrations (mean ± standard deviation from three replicates per 
tissues, pooled samples of five individuals per replicate) of MTLP in the body, gills, gut 
and foot of cockles from tropical and temperate estuaries. 
For the tropical estuaries, the concentrations of MTLP in the bodies of A. granosa were 
in the general range I to 3 mg g-1 and, compared to the temperate estuaries, the amounts 
in the gills (1 .3 to 2.9 mg g-') and the foot (0.72 to 2.38 mg g-1) were significantly 
higher. The concentrations of MTLP in the gut were all relatively high at Map Ta Phut 
(5.75 0.33 mg g-1) and having the highest values at Chao Phraya B (10.5 ± 0.85 
mg g (Figure 4-23). The common feature of the MTLP concentrations in cockles, 
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from temperate and tropical estuaries, is that the highest values are in the gut in both 
cases, followed MTLP concentrations in the body. 
The metal concentrations and partitioning among different supernatant fractions in the 
body, gills, gut and foot of the C edule leads to the conclusion that the majority of 
metals were predominately in the HMW fraction, since the highest concentrations of 
Cd, Cu and Fe were associated with the HMW pool. Zinc, however, was an exception 
with the highest concentration was found in VLMW. For A. granosa, the Cd 
distribution patterns were mainly associated with MTLP which were related to other 
partitioning in tissues. Zinc partitioning mostly bound to HMW while Fe and Cu 
distributed about 50% in these pools. Other metals were mainly bound to HMW 
proteins in the order of Zn > Fe > Cu. 
A summary of the metal binding characteristics of the C edule from Devon estuaries 
and the A. granosa from the upper Gulf of Thailand shows that major differences were 
observed particularly for the MTLP-bound metals. For Cd, the percentage bound to 
MTLP was the highest of all metals (Figure 4-24). The percentages of Cd-MTLP 
(Figure 4-24a) in C. edule were highest for the body and gills in the Tamar and all three 
sites had similar percentages (<20%) in the gut. The precentages of Cd-MTLP in all the 
organs of A. granosa were generally higher than C. edule, with the body and gills 
showing the highest values. 
In contrast, the percentages of Zn-MTLP were all low (Figure 4-24b), typically <10%, 
and were similar for both forms of cockle. Thus, high total Zn concentrations were 
observed in this organism, Zn appears to have little tendency to bind to MTLP. 
Generally, the percentages of Zn-MTLP, in the body, gills and gut, were slightly higher 
in C edule compared to A. granosa. 
The percentages of Cu-MTLP were also relatively low (Figure 4-24c), compared to Cd- 
MTLP, For C. edule, the highest percentages were found in the body and gills in the 
Plym and Tamar. There were also high values found in the gut for the Avon and Plyrn 
samples. In the case of A. granosa, the highest percentages of Cu-MTLP were also 
found in the body and gills, although this was not manifest at contaminated sites such as 
Map Ta Phut and Chao Phraya B. 
The percentages of Fe-MTLP are shown in Figure 4-24d. The Fe-MTLP in C. edule is 
<20% of the total Fe and is concentrated mainly in the body and, to a lesser extent, in 
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the gills and gut. For A. granosa the Fe-MTLP is slightly higher and is persistently so in 
the body and gills, and to a lesser extent in the gut and foot. The distributions of Fe- 
MTLP in the various organs of A. granosa, at each of the sites in Figure 4-24d, appears 
to be more systematic that those for C. edule. 
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Chapter 5: Discussion 
CHAPTER 5 DISCUSSION 
5.1 Characteristics of temperate and tropical sediments 
A summary of the concentrations of major and minor metals in sediments from 
temperate and tropical estuaries is given in Table 5-1. However, direct comparison of 
data from other authors may not be possible since there may be slight variations in the 
digests used. The concentrations from the Plyrn Estuary and the upper Gulf of Thailand 
are given as the overall mean for all sites, which was assumed to reflect the differences 
in the characteristics of sediments from temperate and tropical regions. 
Table 5-1 Total concentrations (mean ± std. dev. ) of Cd, Cu, Mn and Zn (pg g-1 dry 
weight) and Fe and Al (mg g-1 dry weight) in sediments from the Plym Estuary (4 sites; 
n=60) and the upper Gulf of Thailand (7 sites; n= 105). = no data, * HF digestion) 
Sites Cd Zn CU Mn Fe Al References 
Temperate 
(Bryan and 
Plym 9.3 184-339 41-80 460-750 1.1-12 Hurnmerstone, 
1971) 
Plyrn --- 534 25 69 
*(Turner el aL, 
2004) 
Plym 1.42 ± 0.9 213 ± 78 99 ± 65 150 ± 60 7.4 ± 2.7 4.5 =L 1.8 This study 
Avon 0.08 82 18 325 18 
(Bryan and 
Langston, 1992) 
Avon 0.414: 0.04 73 ±5 13 A: 0.6 8.0 ± 0.9 This study 
Tamar 12.0 49 1628 295 9.87 (Hamilton, 2000) 
Tamar 0.70-+0.03 250±14 154±15 8.2±0.5 - This study 
Tropical 
(Pollution 
Map Ta 0.16 19 6.05 - 
Control 
Phut Department, 
1999) 
Bang 
Pakong 0.09 26 63 1070 16.4 
(Hungspreugs et 
aL, 1990) 
Chao 5.18 107 24 - - - (Polprasert, 
Phraya 1982) 
Mae Klong - 368 84.6 790 56.3 - 
*(Ccnsi ef aL, 
2006) 
Phetch Buri 10 10 2000 20 32 *(Windom et aL, 
1984) 
Upper Gulf 0.15 10-76 20±7.9 35±9.8 11001600 25±8.2 39±13 This study 
of Thailand 
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S. 1.1 Characteristics of major metals and nutrients 
Typically, the major metals and nutrients in temperate estuaries were more variable, 
particularly in the sediment cores, than those from the tropics. The concentrations of 
Mn, Fe, organic carbon and nitrogen in the Plym, at some sites, were higher in the 
topmost oxidizing sections rather than in the deeper layers. This may be due to diagentic 
processes in the sediments, where the anoxia of the deeper layers causes some 
dissolution of hydrous oxides of Mn and Fe. Thus, Mn (and to lesser extent Fe) may 
dissolve, diffuse, and precipitate in the upper sediment layers due to changes in pH and 
redox conditions. Such diagenetic processes in sediments may not be sufficiently active 
to alter the profiles of the Al. in sediments because it is bound in the particle matrix. 
Total concentrations of the major metals (Al, Fe and Mn) in the Plyrn Estuary were 
lower than the upper Gulf of Thailand (Table 5-1). This may be attributable to the 
increased solubility of these elements as a consequence of intense chemical weathering 
in temperate environments. For organic carbon and nitrogen, similar concentrations in 
both regions were observed. The results for the Plym, which is subject to organic inputs 
from a landfill site, show that the highest carbon and nitrogen content in the oxic layer. 
in general, organic carbon and nitrogen are high in the surface sediments and reduce 
with depth and the concentrations of carbon and nitrogen are similar to a previous study 
(Turner et aL, 200 1). 
In contrast, higher concentrations of the major elements are expected in finer-grained 
materials, which is probably why their concentrations are higher in tropical sediments 
especially in Bang Pakong and Ta Chin (Table 5-1). Aluminium in the sediments from 
the tropical estuaries slightly decreased slightly with depth whereas Fe was higher with 
depth. The extent of this phenomenon in tropical estuaries was larger than in temperate 
estuaries which suggest little change in the type of material mobilised from the 
catchment over time. Similarly, Mn and organic carbon and nitrogen in the sediment 
profiles were generally uniform with depth, suggesting that types and grain size of 
detritus minerals accumulating have not changed significantly over the time period 
represented by the cores and that depositional environments sampled are close to steady 
state conditions. 
The results from PCA indicated that the presence of Fe and nutrients (organic carbon 
and nitrogen) were the major factors controlling characteristics of metals in sediment in 
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the temperate area while in the tropical estuaries Mn and nutrients were important 
controls on the sediment characteristics. 
5.1.2 Characteristics of trace metals 
Concentrations of trace metals (Cd, Cu and Zn) from the temperate estuaries were 
generally higher than the tropical estuaries (Table 5-1). The PCA results (Table 3-11) 
demonstrated that Cd, Cu and Zn were major factors in the characterised sediments 
from both regions. Total trace metal concentrations from the Plym varied significantly 
between sites and depths especially Cd and Zn. Copper levels also differed with a major 
input to the Tamar from previous Cu mining activities. Typically, vertical profiles of 
trace metal in Plym sediments increased with depth, which probably represent historic 
contamination of sediment from industrial discharges (Langston, 2003). The lowest 
concentrations of trace metals were observed in Avon estuary which is not significantly 
influenced by anthropogenic metal inputs (Bamber and Depledge, 1997). 
For the tropical zone, trace metal concentrations in sediment cores from most of the 
upper Gulf of Thailand reveal that concentrations have changed little with depth in 
sediment indicating basic mineralogy of the sediments has remained constant over the 
recent past. An exception was for the Chao Phraya, whose river basin occupies the 
southern part of the central plain of Thailand, where trace metals in the surface layers of 
sediments were higher than the deeper layers. As a result, the high concentrations of 
metals in the surface layers indicated possible anthropogenic sources of major cities 
along the banks of the Chao Phraya River, especially because it runs through the capital 
city, Bangkok. Map Ta Phut is also a highly industrialised area which releases metals 
into the Gulf of Thailand. Water movements, particularly during the south monsoon, are 
anticyclonic possibly bringing metals into the inner Gulf of Thailand (Nozaki et aL, 
2001), especially into the central area where the Chao Phraya and Ta Chin are located. 
5.1.3 The bioavailability of metals in sediments 
To assess the bioavailability of sediment metals to benthic organisms, the sediments 
were also extracted by IM hydrochloric acid (also to give simultaneously extracted 
metals; SEM) and Proteinase-K. In respect of the IM HC1 extractions, there were 
significant differences in the metal extractions of Cd, Zn and Ni between IM 
hydrochloric acid and SEM, which could have been due to the differences in the length 
of time used for the two extraction methods. There was slight difference of metal 
135 
Chapter 5: Discussion 
extraction by IM HCI with depth, as found in anoxic sediments elsewhere (Fan and 
Wang, 2003). 
The biomimctic approach (Mayer el aL, 1995) was used to determine the bioavailability 
of metals bound protein in sediments extracted by the Proteinase-K enzyme. According 
to the results with Proteinase-K, approximately 1% of Fe, Mn and Cu were associated 
with proteinaceous material. These extractions, especially for Fe and Cu, were higher 
than pepsin and trypsin enzyme digestions, whereas Zn and Mn extractions from this 
study had a lower efficiency than pepsin enzyme digestions (Tuner and Olsen, 2000). 
The metal bioavailability in sediments was focussed on IM HCI extraction in SEM. The 
major variability in sediment cores was between sample sites and within each site was 
high for Cd, Zn and Cu, therefore, the potential for metal bioavailability to sediment 
organisms may be highly localized. In the Plym, the SEM-AVS values were >1 in the 
surface layers of some sites, whereas it was <1 at greater depths. In addition, the highest 
levels of SEM were found at site C and SEM was more than AVS in 15-20 cm depth. 
This indicated potential of metals bioavailability at site C more than other sites due to 
highest concentrations in sediments. An important implication of these finding is that 
SEM and AVS in mixed homogenized sediment samples are not suited for the 
assessment of potential metal toxicity of sediment. A seasonal variation in "S levels 
was observed which could change the potential toxicity of metals in the sediments 
(Howard and Evans, 1993). The bioavailability of metals was studied in sediment cores 
from the river Meuse in Netherland and the results showed that the amount of AVS was 
always too low to bind all reactive metals as sulphides. The ratio of SEM: AVS was >1 
in the suboxic layer of the sediments and the SEM-AVS decreased with depth in the 
sediments (van den Berg et aL, 1998). 
5.2 Comparison of the partitioning of metals in cockles from 
temperate and tropical estuaries 
Cockles, like other organisms, have evolved a number of subcellular systems for the 
accumulation, regulation and immobilization of essential metals, especially during 
periods of elevated concentrations. The cockle probably has an extensive range of 
ligands, commonly involving molecules soluble in the cytosol, such as metallothionein, 
other metalloproteins and non-metallothioneins. The properties and ecotoxicological 
implications of these metal sequestration systems, and the variation displayed among 
different two types of cockle, are reported below. 
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S. 2.1 Characteristics of MTLP in CeraStOderMa edule and Anadara 
gral7osa 
The polarographic response of each of the eluted fractions of the heat-treated 
supernatant in the C edule was lower than A. granosa. The DPP response showed two 
peaks in the eluted supernatant fractions associated with HMW which distinguished 
metalloenzymes and a lower molecular weight which corresponded to MTLP. There 
were small differences in the fractionation of HMW peaks for C edule and A. granosa 
possibly due to transferin (>80 kDa) and/or to haernoglobin (>70 kDa), respectively. 
The two cockle types showed the same apparent lower molecular weight peaks as 
MTLP (> 20 kDa). Both the HMW and MTLP pools, as determined by polarography, 
were also found in mussels, Mytilus galloprovincialis and the Mytilus edulis (Langston 
et aL, 1989; Bebianno and Langston, 1992). Also metallothionein (NIT) in A. granosa 
has been isolated and identified as the MT20 isoform, which was similar to 
metallothionein in the blue mussel, M. edulis (Chan et at., 2002b). 
Typically, MTLP concentrations of C edule in tissues were lower than same tissue in A. 
granosa (Table 5-2). Previously other researches determined NIT concentrations in both 
cockles. Mean concentrations of MTLP (11.4 nmol sites g" wet weight) in the C. edule 
were measured as a function of the levels of MT-bound metals by a cold mercury 
saturation assay method (Baudrimont et al., 2006). Metallothioneins in the A. granosa 
were quantified as the concentration of mRNA and identified isoform as MT20 similar 
to the blue mussel, M edulis. The MT gene of A. granosa belongs to the Class I MT the 
same as the MTs of molluscs (Chan et al., 2002b). 
However, although the MTLP concentrations in this study for each tissue were similar 
to levels in other species, the results from this study are not directly comparable to other 
studies due to differences in the methods used. The MTLP response was most 
significant in the gut (or digestive gland) possibly making this tissue more appropriate 
for assays than other tissues in bivalves. 
Figure 5-1 shows the proportions of MTLP, compared to the total concentrations 
(measured against rabbit-MT), in the body, gills, gut and foot from C. edule and A. 
granosa. The distribution of MTLP in the cockles was dependent on the species and the 
tissues. The highest MTLP percentage, 63%, was found in the gut of C edule, 
compared with 49% for A. granosa. In the body, the percentages of MTLP were 
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approximately the same in both cockles. However, the MTLP percentages for the gills 
and foot in C. edide were less than A. gmnosti, the difference being more than IM/o. 
Table 5-2 MTLP 
I 
concentrations determined in bivalves by various polarographic 
methods. *(rng wet wt. ) 
Species Tissues Concentration Reference 
(nig g1 dry wt. ) 
A natbru granos4i Body 1.81 + 0.59 (n - 21 ) This Study 
Gill 2.05 + 0.83 (n= 21 ) 
Gut 5.46 + 3.28 (n= 2 I) 
Foot 1.57 F 0.73 (n- 2 1) 
Cerastoclernm Body 1.43 + 0.50 (ný 9) This study 
Echile Gill 0.32 + 0.09 (n= 9) 
Gut 3.55 ý- 1.95 (n- 9) 
Foot 0.25 + 0.04 (n-- 9) 
Crcissostreu gig4is Digestive gland 0.7-1.6 (Geffai-d ei al., 2001 
M(iconw hallhicti Whole animal 2.3-8.9 (Aimard-Tnquet ei til., 199, ý) 
MI'lihis e(hilis Whole animal 2.7 (Beblanno and Langston, 
Gill 2.2 1991) 
Digestive gland 8.0 
Gill 1.6-2.6 (Anliat-d-TriqUet CI t1l., 1998) 
Digestive gland 8.8-19.6 
Gill 0.2 * (Geffin-d ct al., 2005) 
Digestive gland 1.6-2.3 
A/fvlilus Whole animal 2.8 (Behianno and Lansyston 
galloprovilicialis 
Ostrea edidis 
Ruditapes 
decussates 
Digestive gland 
Gills 
Remain tissue 
Whole animal 
Gill 
Digestive gland 
Digestive gland 
C. edide 
Foot 
Gut Body 
63'! ý',, 26" 1ý 
Gills 
6') o 
0.5-0.8 (Raspor cl al., 2004) 
1.2 (Langston el al., 1998) 
1.4 
2.0 (Ekbianno ct al., 1993) 
1.9 
4.7 
2.0 (Iiarnza-Cllaffai el al., 2000) 
b) A. granosa 
Foot 
13",, 
iLit dy 
49", 
Gills 
18,11) 
Figure 5-1 Percentages of MTLP in a) C ethile from Devon estuaries and h) A. 
gremosa frorn the upper Gulf of Thailand. 
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5.2.2 Characteristics of metal partitioning in cockles 
The partitioning of each metal in the bodies of C. echile and A. gr(inosa were used to 
represent the general pattern of metal distribution in both cockles (Figure 5-2). 
a) C. edide b)A. granosa 
Cadmium 
VLMW Ilmw VI'mw 
41L 
IINI" 
Zinc 34", ý. 70". ý 
VLMW HMW vi_mw II 1\1 w 
34% 56"0 
Copper 1000 
VLMW VLMW llmw 
31 `/o IN w 35'ýlo 31'soll 27 
ron 42"/', ) 
VLMW ulmw VLMW llmw 
36`ý) 43% loo 
imp 
21"/o lo" 
Figure 5-2 Characteristics of Cd, Zn, Cu and Fe partitioning in I JMW, M, 1,1,1, ; 111(1 
VLMW pools in the body of a) C. Mide and b),, Lgranosti 
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Cadmium partitioning was dominated by the HMW pool in C edule, while in A. 
granosa Cd was mainly associated with the MTLP pool. However, there was variable 
Cd partitioning within both species. The highest percentage of Cd-MTLP in C. edule 
was in the body (62%) while the lowest proportion was found in the gut (I I%). For A. 
granosa, percentages of the Cd-MTLP pool ranged from 40% in the gut up to 84% in 
the gills. The results also showed that Cd associated with the MTLP pool was high in 
the gills of C edule (40%) and A. granosa (7 1 %). In the whole body of the mussel, 
Mytilus galloprovincialis, Bebianno and Langston (1992) found that more than 80% of 
Cd was associated with the MTLP pool whereas Cd bound to the MTLP pool in whole 
or individual tissues of the clam Macoma balthica was not observed (Langston and 
Zhou, 1987). As a result, MTLP was an important ligand binding for Cd in A. granosa 
and the mussel, although different species of bivalves appear to have various strategies 
for managing Cd sequestration. 
Significant differences of Zn partitioning in both cockle types were observed in the 
relative proportions of Zn in the HMW and VLMW fractions (Figure 5-2). The C edule 
had Zn mainly associated with HMW and VLMW in the proportions of 56% and 34 %, 
respectively. On the other hand, Zn partitioning of the A. granosa was mostly associated 
with HMW (77%). Similarly, the Zn-HMW percentage in the gills, gut and foot (not 
shown) of C edule and A. granosa were 40-62% and 66-75 %, respectively, showing the 
importance of the Zn-HMW fraction in both organisms. It has been suggested that the 
HMW and VLMW pools of Zn, presumably metalloproteins, enzymes and amino acids, 
maintain high levels of Zn as a readily available Zn source, which ensure constant 
saturation and maximum activity of Zn-dependent enzymes (Langston et al, 1998). 
Although there was some uncertainty over the Cu concentrations because of the low 
concentrations, differences in the Cu supernatant distributions of both cockle types were 
observed (Figure 5-2). The proportions of Cu in the MTLP fraction of C. edule were 
higher than in HMW or VLMW pools. On the other hand, the Cu percentages in the 
supernatants of A. granosa were approximately equal for the three pools. In the case of 
the gills, gut and foot about 25-30% of the Cu was associated with the MTLP fraction in 
C. edule and A. granosa, respectively. The percentage of Cu in the MTLP pool of the C. 
edule tended to be higher than other essential metals in this cockle, which suggests that 
Cu may play an important role involving the MTLP functions of homeostasis and 
detoxification metals in C. edule. 
140 
Chapter 5: Discussion 
Iron is an essential metal for many molluscs and requirements for this metal varied with 
the concentration of haern compounds. A relatively low proportion of Fe was associated 
with the HMW pool in the body of C edule (Figure 5-2) and similar percentages of Fe- 
HMW were found in the gills, gut and foot. This HMW compound, eluted at 
approximately 80 kDa, may be a protein with a similar molecular weight to transferrin, 
which primarily functions to transport and store Fe in the plasma of vertebrates. This 
protein has the possibility to bind other metals (Bailey et A, 1988) including Zn and Cu 
(Langston et al., 1998). 
In A. granosa, the observation of Fe partitioning in the HMW pool was relatively 
constant at 50% in the body (Figure 5-2), gills and gut and was 33% in the foot. The 
molecular weight of the Fe-HMW fraction in A. granosa varied between the tissues 
such that it was about 67 kDa in body and gills, about 78 kDa in the gut and 57-84 kDa 
in the foot. The high molecular weight protein, intracellular haemoglobin at 74 kDa, 
was found in A. granosa (Patel and Patel, 197 1). This protein appeared at 67 kDa in the 
polychaete Nereis diversicolor (Demuynck and Chainaut-Court, 1993) and was reported 
in the arcid clam, Scapharca inaequivalvis (Cortesi et aL, 1992). In addition, the 
haemoglobin was able to bind Cd in the supernatants of the clam and the polychaete 
which was separated using a Sephadex G-75 chromatographic column. 
For the first time, this study found that Fe was evidently bound to the MTLP pool in this 
bivalve. In previous investigations, there was no indication of Fe partitioning in the 
MTLP pool of Scapharca inaequivalvis (Serra et al., 1995) and Mytilus edulis 
(Ferrarello, et aL, 2000). Iron associated with the MTLP pool in C edule was lower than 
in A. granosa and there were slightly different Fe associations with the MTLP and 
VLMW pools. In contrast, Fe partitioning in VLMW of C edule was, to some extent, 
higher than in A. granosa. 
5.2.3 Strategies of metals sequestration in cockles 
In molluscs, metal uptake involves transfer of metals to the circulatory system via 
uptake by the membrane, movement through the cell, as well as interaction with 
intracellular ligands. Sequestration of metals is associated with various molecular 
weight fractions throughout the tissues and organs. Metal binding proteins regulate the 
essential metals and plasma cells in aquatic invertebrates and hemocytes in molluscs 
concentrate a variety of metals (Langston el al., 1998). To evaluate sequestration in 
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metal partitioning along the exposure gradient, total metals and metal partitioning were 
plotted against each portion in each organ. 
Table 5-3 shows that there was only a limited number of significant relationships 
involving total Cd and Cd in HMW and MTLP proteins in both cockles. The 
relationships were generally similar for each cockle type, in particular there wcre no 
significant relationships involving VLMW in the body. Strong relationships existcd 
between Cd-MTLP and the total Cd, especially for the body and gut. The main 
difference occurred in the relationships between Cd-HMW mid Cd-total, which were 
only present for the body of C. ethile (and not A. grawsa) and only for the goills and gut 
of A. gratiosci (and not Cethile). 
Table 5-3 Summary of significant associations (shaded areas) oftotal Cd 
Cd in HMW QCdj,,,, ) and MTLP ) pools in C. edideand. 4. gratiosti. 
Regression Tissue C edule A. qraitosa 
Cadmium Wdl .... .. I'S [CJj, Body 
Gills 
Gut 
---------------- -- 
F_oot 
------ ---------------------- --- ---------- [Cd VS [Cd J, Body - --------------- 
Gills 
Gut 
-------- --- -- - 
F-oo-t 
------ -------------------------- ------ ------- --- - 1cdI%1ILJ , SICdIM111 Body I .................... 
Gills 
Gut 
Foot 
Moreover, the highest individual concentration of Cd in the supernatant fractions (2.12 
-1 dry weight) was from the gut of C. echile in the Plym, of which 761") was pg g 
associated with HMW. The average concentration of Cd associated with tile JJMW pool 
in the Avon reference site was only 0.64 Vig g1 dry weight, corresponding to 60()() of 
Cd-total in the supernatant. This difference in Cd concentrations and partitioning 
behaviour suggested that Cd could be mainly associated with tile II MW protein and 
uptake via the gills and accumulation in the gut being important. Cadmium binding 
itial binding to a IIMW proteins, t1 proteins might be a two step process with Ini III el 
moving to binding with newly synthesized MT (Carpene and George, 198 1). 
In A. grtmosa, both HMW and MTLP proteins were involved in the sequestration of 
total Cd in the body, gills, and gut. The relationship between Cd bound to the IIMW 
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pool and the MTLP protein were found in the body, gut and foot. Cadmium partitioning 
was mainly in the MTLP pool (approximately 70% of total Cd) WIIICII SLIpports the 
hypothesis that Cd sequestration was dominated by the MTLI3 fractions. The 
concentrations of Cd were most significant in the gills (10.2 pg g' dry weight) and they 
may function as a site for Cd uptake and storage in A. grtinosa. As a result, Cd-MITP, 
especially in the gills, appears to be important for the detoxification of Cd by A. 
granosa which distinguished it frorn Cd behaviour in C. edule. 
Zinc associations in C echile were mainly with VLMW and HMW pools while there 
was little evidence for MTLP being involved in Zn partitioning behavIOLII- III thIS type of' 
cockle (Table 5.4). As a result, total Zn burdens were related to Zn associated witil 
HMW and VLMW in C. Mide and Zn-MTLP was <10% of the total hi hurden. Asa 
consequence, it is probably significant that Zn-M'FLP was not dependent On Z11-t0tal I 
nor Zn-HMW and Zn-VLMW was not dependent on Zn-MTI-P in any ofthe tissues ()I' 
C. edide. 
Table 5-4 Summary of significant associations (shaded areas) of total Zri ([21,111, ) anci Z11 
in HMW([ZII]II%j\\)and MTLP([Zii], %I II p) Pools III('. C4/111can(j, I. "I 
Regression Tissue C edule granava 
Zinc [/III .... .. VS [ 117 Body 
Gills 
Gut 
Foot 
[b? I .... . VS f 7-n 1, Body 
Gills 
Gut 
Foot 
17SIZ111, Body 
Gills 
Gut 
Foot 
[A]"""I'S Body 
Gills 
Cut 
--------------------- 
Foot 
----------- - - [Znj,,,,, VS [7-n] .... ---- Body ------------------ ----------- ----------------------------- 
Gills 
Gut 
---------------------- -- 
Foo-t 
---- --- FS17-1 ...... Body 
------------------------------ ----------------------------- 
Gills 
Gut 
I Foot 
143 
Chapter 5. - 1)iscussioii 
In contrast, the most significant relationships were very different in . 4. gi-unosti, which 
showed that Zn-MTLP was dependent on Zn-total in the body, gills and foot. Zinc- 
MTLP was also dependent on Zn-HMW in the body and foot and, interestingly, Zn- 
VLMW was dependent on Zn-MTLP in all of the organs. In summary (Table 5-4), the 
strategies adopted by A. gmnos4t for handling Zn contarnination seem to be di 11'erent to 
those used by C. edide. 
In the case of Fe partitioning, the Fe in the HMW, MTLP and VLMW pools in the body 
of both cockles were dependent on the Fe-total (Table 5-5), with the exception ofthe 
relationship between Fe-VLMW and Fe-HMW pools in C. ethile. The results suggested 
that Fe partitioning in both cockles plays an important role in the transportation of Fe 
'rabic 5-5 Summary of significant associations (shaded areas) oftotal Fe (I Fe II) and Fe 
in HMW ([Fc], j, \j\0 a nd MTLP ([Fc ],., I I Ip) pools in C. edide and A. gre it losa. 
Regression Tissue C. edille A. graizava 
Iron [Fell. "I'S Body 
Gills 
Gut 
--- ------------------ 
Foot 
------------ -------------------------------- ------- -- [Fel ...... I'S [ Fe Body 
----------------------- 
Gills 
Gut 
Foot 
[Fe],,,,,, VS[Fej, Body 
Gills 
Gut 
-------- ----------- 
Foot 
- ------ -------------------------------- - --- [ Fc, ],,,,, VS [ Fe) ...... Body ----------------------------- 
Gills 
Gut 
Foot 
Fe],,,,,, VS [ Fe],,,,,, Body 
Gills 
Gut 
Foot 
[Fe], . ..... VS [Fe],,,,, Body 
Gills 
Gut 
I Foot 
and probably other metals within each organism. The Fe-total ill the tISSLIeS telldCd to be 
related to Fe-HMW in C edule while Fe-total u'A. 9"t"'oul Was linked to the I IMw 
and MTLP compounds to a similar extent. The different sequestration between the two 
cockle types was clearly shown in the relationship between Fe bound to tile IIMW 111(l 
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to the MTLP pools. There was no systematic trend for C. edide (Figure 5-3a), whereas 
for A. granosa (Figures 5-3b) there was a clear linear relationship for all tissues. This 
probably indicated an important role of Fe partitioning in HMW and MTLP pools 
involving in metal handling proteins in the blood cockle such as haemoglobin and 
MTLP. There have been reports of HMW proteins, such as eythocytic haemoglobins 
(Collett and O'Gower, 1972), and the MTLP as metallothionem (Chan et aL, 2002b) in 
A. granosa. This relationship was found only in the body of C edule. 
a) C. edide b) A. granosa 
200 200 
A 
150 A 150 
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VA 
loo =L 100 
0 
o? ) 014 
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0 50 A 50 O 
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0 0 
. 
0 100 200 300 400 0 100 200 300 400 
Fe-HMW (pg g-1 dry wt. ) Fe-I IMW (pg g-' dry wt. ) 
Im Body Gill Gut Foot 
Figure 5-3 Concentrations of iron partitioning in Fe-HMW and Fc-M'FLP pools in 
body, gill, gut and foot of a) C. edule and b) A. granosa. 
5.2.4 Diagnostic indicators of metal exposure in C edule and A. 
granosa 
The production of MTLP in various tissues due to intracellular metals is thought to 
reflect trends in metal contamination in the environment (Langston el al., 1998). Thus, 
this section examines the role that sediments might play in inducing MTLP in tile body, 
gills, and gut in cockles from temperate and tropical estuaries. Tile first stage of tile 
analysis was to assess whether there were any relationships between the metal 
concentrations in the tissues and the total metal concentrations in the scdiments. 
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Figure 5-4. The total concentrations of Cd, Zn and Fe in sediments versus the combined 
MTLP concentrations in C. edule and A. granosa a) body; b) gills; c) gut; d) foot. 
Linear regressions of the data in Figure 5-4 showed that there were no significant 
relationships between the total concentrations of Cd, Fe and Zn in sediments and tile 
concentrations of MTLP in any tissue. This is unlike the situation for the livers of the 
common eel, Anguilla anguilla (Langston et al., 2002), where there were significant 
relationship between the metals Ag, Cd, Cu and Zn and the concentration of MTLP. 
Thus, in the following discussion the influence of the sediment metals that show most 
trends with MTLP are selected for discussion. 
The Body 
Figure 5-5 shows the MLTP concentrations in the bodies of C edide and A. granosa 
and the total concentrations of Cd (Figure 5-5a) and Zn (Figure 5-5b) in the sediments 
as a function of site. The sites in Figure 5-5 were ordered from highest to lowest 
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concentrations of MTLP, in order to show the trends. Overall, the MTLP concentrations 
in the body of A. granosa (about 2 mg g-1 dry weight) were higher than in the body of 
C edule (about I mg g-1 dry weight). The major differences between the MTLP 
concentrations in the bodies of the two cockle types occurred at the contaminated sites 
of Chao Phraya A and B, Map Ta Phut and Ta Chin in the Gulf of Thailand. Bebianno 
and Langston (1992) reported that MTLP concentrations of 2-3 mg g-' are typical for 
mussel bodies (Atwilus galloprovincialis and Mytihis edidis) from sites where sediments 
were uncontaminated with Cd. 
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Figure 5-5 Concentration of MTLP in the body of C. edule and A. grtinosa and the 
concentration of the metals (*) in sediments a) Cd and b) Zn. 
Thus, the basal concentration of MTLP in the body of C. edule and A. granosa (Figure 
5-5) are taken as 2 mg g-1 dry weight. This baseline seems to apply when the 
concentrations of total Cd and Zn in sediments were in the range 0.1-0.2 ýtg g-1 dry 
weight and 50-70 pg g-' dry weight, respectively. This situation is quite different to the 
temperate estuaries, where the concentrations of Cd and Zn in the sediments of the Plym 
and Tamar are higher than any of those in the upper Gulf of Thailand (Figures 5-5a; 5- 
5b) yet the concentrations of MTLP is that much lower. Thus, if the influence of other 
contaminants is neglected (e. g. persistent organic pollutants), it appears that C. edide 
might be more tolerant of higher Cd concentrations and different metal handling 
strategies might be occurring in the two organisms. 
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Figure 5-6 shows the Cd-MLTP concentrations in the bodies of C. edule and A. grtmosa 
and the total concentrations of Cd (Figure 5-6a) and Zn (Figure 5-6b) in the sediments 
as a function of site. The sites in Figure 5-6 were ordered from highest to lowest 
concentrations of Cd-MTLP in order to show the trends. The concentrations of Cd 
partitioned with the MTLP in C. edide corresponded well to the decrease in the total 
concentration of Cd in the sediments of the Devon estuaries (Figure 5-6a). It Is 
noticeable that a significant amount of Cd was partitioning into the HMW pool, which 
also decreased in concentration as the sediment concentration declined. Only very 
small concentrations were associated with the VLMW fraction. 
Cd 
4 0.8 
3 0.6 
2 0.4 
73 Ia. tf) 0.2 
0 
<ýw <, 12P 
00ý1\ e &I <ý e 
<"ý 
'00 
d? 
b) Zn 
200 300 
150 
200 
100 150 
50 D 
100 
50 
0 0 
<ý ý- Pý ýq ý' ., dý 
Cockle Sediment 
0 UIMW 0 MTLP M VLMW 0 M-Total 0 M-1-10 
Figure 5-6 Total metals (M-Total) concentrations, available metal concentrations (M- 
HCI) extracted from sediments and the concentration of metal partitionii i WM, III ig In tile H 
MTLP and VLMW pools in the body of C. echile and A. gi-twosa a) Cd and b) Zii. 
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In the upper Gulf of Thailand, the sequence of sites based on the Cd-MTLP 
concentrations (Figure 5-6a) was different to that in Figure 5-5a. Thus, the highest mean 
concentration of Cd in the sediments was found at Chao Phraya B which also 
corresponded to the highest concentrations of Cd-MTLP. Although the sites at Chao 
Phraya A and Map Ta Phut had high MTLP concentrations the amount of Cd-MTLP 
was relatively small. The amount of Cd associated with the HMW pool of the body of 
A. granosa was relatively small and the concentration of Cd-MTLP was the dominant 
fraction. This was unlike the situation for C edule in which the HMW pool played a 
more important role. However, in both cases Cd-MTLP was significantly correlated 
with Cd-HMW in the body of both cockle types (Table 5-3). This suggests that Cd 
associated with the MTLP was probably redistributed as a result of its partitioning with 
the HMW fraction. 
The partitioning of Zn in the HMW and MTLP pools of the body of C edule reflected 
the Zn-total concentrations in sediments from the Devon estuaries (Figure 5.6b), with 
the highest concentrations being found in the Tamar Estuary. These levels of Zn were 
significantly different to the relatively low values in the Avon Estuary. Surprisingly, Zn 
was bound to the VLMW fraction, which was one of the major binding pools in the 
common cockle and did not exhibit any significant differences between the sites. 
The Gills 
Figure 5-7 shows the MTLP concentrations in the gills of C. edule and A. granosa and 
the total concentrations of Cd (Figure 5-7a), Zn (Figure 5-7b) and Fe in the sediments as 
a function of site. The sites in Figure 5-7 were ordered from highest to lowest 
concentrations of MTLP. The gills are, potentially, an important diagnostic indicator 
because this tissue makes the first direct contact with the suspended sediments. Figure 
5-7a shows that the pattern of MTLP concentrations in the gills of C. edule followed the 
trend of the total Cd concentrations in sediments. A significant difference was observed 
between the mean MTLP concentration in the gills from the Plyin Estuary (0.764 
0.121 mg g-1 dry weight) and that in the Avon Estuary (0.375 : 10.073 mg g-1 dry 
weight). The relatively low level of MTLP in the Avon Estuary samples probably 
represents background levels of MTLP in the gills of C. edule. 
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Assuming that the baseline concentration of MTLP in cockles is 2 mg g-1 dry weight, 
Figures5-7a and 5-7b show sites in the Gulf of Thailand with MTLP concentrations 
below this threshold and they have concentrations of Cd and Zn in the sediments of 
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Figure 5-7 Concentration of MTLP in the gills of C. edide and A. granos(I and the 
concentration of the metals (*) in sediments a) Cd, b) Zn and c) Fe. 
<0.2 ýLg g-1 dry weight and <60 gg g-' dry weight, respectively. The sites with the 
highest MTLP concentrations were Map Ta Phut and Chao Phraya sites A and B. At 
Chao Phraya A and B the sediment Cd concentration was >0.2 ýtg g-1 dry weight and the 
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sediment Zn concentration was >60 gg g-1 dry weight. However, at Map Ta Phut, with 
the highest MTLP concentration, the concentrations of Cd and Zn were below these 
threshold values. Thus, the contaminants in the sediments at Map Ta Phut may involve 
other than metals. The samples from the upper Gulf of Thailand are, therefore, very 
different to those from the Devon estuaries, the cockles from the latter showing a 
greater tolerance to elevated metal concentrations in the sediments. 
The relationship between Fe and MTLP in the gills is shown in Figure 5-7c; the gills 
were chosen as the representative tissue. Iron concentrations in the sediments from the 
Devon estuaries were relatively low and independent of the site and they were not 
related to MTLP concentrations in the gills of C edule. In contrast, the Fe 
concentrations in the sediments from the upper Gulf of Thailand were always much 
higher and, for the Ta Chin and Bang Pakong, were elevated by an order of magnitude. 
The levels of MTLP in the gills of the A. granosa were not correlated to Fe in the 
sediments (Figure 5-7b). For example, Ta Chin had the highest concentrations of Fe in 
sediments but relatively low MTLP concentrations and Map Ta Phut had a relatively 
low Fe concentration in sediments but a high MTLP concentration. This lack of any 
systematic relationship suggests that the MTLP induction seen in the samples from the 
Gulf of Thailand may not be due to the elevated Fe concentrations in sediments. 
The pattern of Cd partitioning in the HMW and MTLP pools of the gills (Figure 5-8a) 
were similar to the MTLP pattern observed in the body (Figure 5-5a). The MTLP 
concentrations in the gills of C. edule increased with Cd associated with the MTLP pool 
suggesting that Cd in sediments is taken up via the gills. Subsequently, Cd bound to 
MTLP in gill is possibly re-distributed within the body. This assumption was supported 
by significant correlation between total Cd in the body and Cd-MTLP in the gills. These 
suggested that the gills function as a site for Cd uptake and circulated to other tissues. 
Thus, the gills are probably the most appropriate tissue for Cd exposure assessment of 
C. edule using the MTLP concentration as an indicator. 
In the gills, concentrations of Fe associated with the HMW and MTLP pools in C. edule 
were generally lower than A granosa, whereas Fe partitioning in the VLMW pool in C 
edule were higher than A. granosa (Figure 5-8b). The concentrations of Fe-MTLP in the 
gills of both cockles were not correlated to Fe-total in the sediments and the Fe-HMW 
pool also tended to be influenced, generally, by the Fe sediment concentrations in the 
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upper Gulf of Thailand. An exception was for Map Ta Phut, which although being 
located in an industrialised environment had a low concentration of bioavailable Fe. 
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The gut 
Figure 5-9 shows the MLTP concentrations in guts of C edule and A. givilostl and the 
total concentrations of Cd (Figure 5-9a) and Zn (Figure 5-9b) in the sediments as a 
function of site. The sites in Figure 5-9 were ordered from highest to lowest 
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concentrations of MTLP. The concentrations of MTLP in the gut of the C edule (1.74 
0.34 mg g-1 dry weight) from the Avon estuary and the A. granosa (1.68 ± 0.08 mg g-I 
dry weight) from the Mae Klong estuary were low. Assuming that the MTLP levels in 
the gut of C edule from the Avon estuary and A. granosa from the Mae Klong 
represented the basal values then the MTLP concentrations at all other sites were 
elevated above the baseline value of MTLP. The basal MTLP concentrations obtained 
in this study are below values for the digestive gland of the Mytilus edillis and M. 
galloprovincialis which were relatively high (- 8 mg g-' dry weight) (Bebianno and 
Langston, 1991). 
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Figure 5-9 Concentration of MTLP in the gut of C. edule and A. granosa and the 
concentration of the metals (*) in sediments a) Cd and b) Zn. 
At all the sites where the MTLP concentrations were high the concentrations of Cd and 
Zn were variable (Figure 5-9). Taking the two highest MTLP concentrations for 
temperate and tropical estuaries, i. e. the Tamar and Chao Phraya B, even though the 
Tamar had had sediment Cd and Zn concentrations about twice those of Chao Phraya B 
the concentrations of MTLP was higher at Chao Phraya B. This suggests that other 
contaminants are potentially playing a role at Chao Phraya B. 
The sediment concentrations of Cd in Devon estuaries were relatively high and the 
partitl oning of Cd jnC. edule was dominated by the HM W fraction (Figure 5-I Oa), 
followed by the fraction in MTLP and the VLMW fraction. Even though the sediment 
Cd concentrations were high there was little evidence of increased concentrations of Cd- 
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MTLP. On the other hand, the partitioning of Cd in A. granosa was quite different with 
the highest concentrations of Cd being associated with MTLP. This observation applied 
even though the sediment Cd concentrations were low. These results suggest that C. 
edule handles the uptake of Cd from sediments using different strategies to A. granosa. 
In the C edule, Zn partitioning in HMW and MTLP pools of the gut was somewhat 
similar to that in A. granosa (Figure 5-1 Ob), although the concentrations of Zn bound to 
the VLMW pool in the gut of C edule were greater than A. granosa. Comparison of Zn 
partitioning in the gut to that in the body, showed that Zn partitioning in the HMW and 
MTLP pools the gut of C edule was lower whereas Zn bound to the VLMW pool were 
five-fold higher than in the body. As a result, proportions of Zn associated with the 
VLMW in the gut (Figure 5-10b) were much lower than in the body (Figure 5-6). For 
the A. granosa, the levels of Zn partitioning in the HMW, MTLP and VLMW pools in 
the gut were slightly higher than in the body and there was no significant difference 
between Zn partitioning between the gut and the body of A. granosa. 
Figure 5-10c shows representative results for the Cu concentrations in the various 
molecular fractions of the gut. The concentrations of Cu in C. edule and in the 
sediments from Devon estuaries were highest for the Tamar which has a history of Cu 
mining. Consequently, the concentrations of Cu-HMW and Cu-MTLP in the gut were 
related with trends of Cu levels in sediments. There were relatively high Cu partitioning 
in HMW and MTLP pools for the Tamar and the Plym, whereas the Avon, the reference 
site, had low concentrations in all three pools. Also, the levels of Cu in various 
molecular weight pools of . 4. granosa were low and the concentrations of Cu. associated 
with HMW and MTLP pool were not significantly different at each site. The 
concentrations of Cu. in the sediments were also low, with the exception of Map Ta Phut 
and Chao Phraya site B. For the blood cockle, the Cu partitioning were not correlated 
with the trends of Cu concentrations in the sediments (Figure 5-10c). 
5.3 Conclusions 
The main conclusions to the study are given below : - 
0 The study has shown that there are significant differences in the sedimentary 
environments of temperate and tropical estuaries, particularly where there is evidence of 
anthropogenic contamination. These sediment conditions may lead to an enhancement 
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of the total concentrations of metals in the various tissues of the cockles. Thus, Cd and 
Zn were predominantly associated with the gills, particularly for A. granosa from the 
upper Gulf of Thailand. Copper was predominantly associated with the gut in cockles 
from the Devon estuaries and the Gulf of Thailand. However, the Cu levels in the 
Tamar and Plym estuaries were exceptionally high possibly leading to the induction of 
MTLP. Iron was highly variable in C. edule and was predominant in the body and gills 
of A. granosa. 
0 It should be noted that because there were two pools of HMW, as well as the 
MTLP pool, in the heat- treated supernatants from gel-filtration chromatographic 
elution profiles in C edule and A. granosa, the MTLP determination may have been 
interfered with by HMW thiolic proteins. However, the DPP response clearly 
demonstrated that this method cannot be used to quantify metallothonein-like protein 
directly in heat-stable thiolic proteins in both cockles by correcting the percentage of the 
MTLP obtained in the total DPP response. Nevertheless, the results showed the degree 
of MTLP expression varied considerably between both cockles and a similar variation 
was apparent between tissues. Metallothionein-like proteins involvement in metal 
sequestration was most evident in the gut of C edule reflecting the significance of this 
tissue in storage metals. In contrast, the gills of A. granosa were found to have the 
highest metal concentrations in the MTLP pool and may, therefore, function as an 
uptake and storage tissue in this organism. 
9 There were significant differences in the MTLP concentrations between the 
Devon estuaries and those in the Gulf of Thailand. C edule from the Devon estuaries all 
had relatively low concentrations, except in the gut. The highest MTLP concentrations 
were in the body and gills of C edule from the Plym and in the gut from the Tamar. 
The Avon Estuary always had the lowest concentrations of MTLP in the four tissues 
and could be considered as a background reference site. When attempting to assess the 7 
estuaries in the upper Gulf of Thailand they can be ranked in order of the MTLP 
concentration in each tissue, such that the highest MTLP concentration is given a score 
of 7 whereas the lowest is given a score of 1. The total score is obtained by adding 
together the values for their ranking in the body, gills and gut. This shows that Chao 
Phraya B has the highest score (followed by Map Ta Phut) and the lowest, and probably 
least impacted, is the Bang Pakong. The Chao Phraya B site lies to the west of the 
mouth of the river and, given that the circulation is the Gulf is anticlockwise 
(particularly in the monsoon), contaminants from the mouth are transported to the site. 
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40 There were no significant relationships between the total metal concentrations in 
the sediments and metals in the tissues nor metals associated with the MTLP. This was 
the case for the Devon estuaries where the concentrations of Cd and Zn were higher 
than the upper Gulf of Thailand. The remarkable aspect of this finding was that the 
concentrations of MTLP in C edule from Devon estuaries were not generally increased 
over the baseline value for the body and gills, although they were higher for the gut. 
Although there were high concentrations of MTLP in A. granosa the sediment metal 
concentrations were not significantly elevated. This suggest that either (a) C edule is 
more tolerant of high sediment metal concentrations than A. granosa and that it does not 
produce increased levels of MTLP to cope with increases in sediment metal 
concentrations or (b) the high MTLP concentrations in A. granosa are due to 
contaminants other than metals in the samples from the upper Gulf of Thailand. The 
Map Ta Phut site appeared to lend support to point (b) because it is a major industrial 
centre, including petrochemical facilities, which are known to discharge persistent 
organic pollutants to the local marine environment (Pollution Control Department, 
1999). The results suggest that there may be a relationship between the high MTLP 
concentrations and the sediment metal concentrations, in particular there appears to be 
threshold concentrations of Cd and Zn in sediments above which MTLP concentrations 
start to increase. Although these values are not precise the study suggests that these 
values are 0.1-0.2 pg g-1 for Cd and 50-60 Ag g-1 for Zn. 
0 The differences in colour of the two cockle types was significant and the blood 
red colour of the body of A. granosa gave rise to the investigation of the role of Fe in 
this organism because of the association of Fe with haem compounds. The results 
showed relatively low levels of Fe-total in all tissues, i. e. only tens of mg 9-1, and little 
differences between the tissues. However, the distribution of Fe in A. granosa involved 
a dependence of the VLMW fraction on the Fe-HMW fraction in the body. Also, the Fe- 
MTLP was highly dependent on the Fe-HMW fraction for all tissues in A. granosa, 
unlike the non-systematic data for all the tissues of C edule. This suggests a stricter 
control for the processing of Fe in A. granosa about which little is known. 
0 The study showed that MTLP induction in C edule and A. granosa may have 
application as a biomarker, if used wisely in well-designed sampling programmes. 
Careful choices need to be made on the choice of organism, choice of organ and method 
of analysis. However, where contaminated sediments are influenced by mixtures of 
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metals and persistent organic contaminants (as at Mat Ta Phut) it is inadvisable to 
ascribe MTLP induction to one single contaminant. 
5.4 Recommendations for future work 
The recommendations for future work are as follows: - 
0 The issue of the determination of MTLP compounds using the methods 
described in this study need further development and standardisation, so that 
metallothionein compounds are detected unambiguously. This could involve 
intercalibration exercises of the methods so that best practice can be identified and 
adopted. 
0 The relationship between the availability of metals on sediments and their 
partitioning in the various molecular weight fractions of cockles needs further 
investigation. This is because this study showed that the total metal concentrations in 
sediments are not a good indicator of the likelihood of incorporation into the tissues of 
the cockles. 
0 The study has shown that there are clear differences in the handling strategies 
for metals between C edule and A. granosa. The biochemical reasons for these 
differences were not examined in the study and these is a requirement to understand 
these further, as there may be mechanisms that are currently unknown, which may apply 
to other marine bivalves or organisms in general. 
0 In this study Fe partitioning in cockles was examined in some detail, particularly 
with reference to A. granosa. Ile chromatographic separation of Fe in the HMW pool 
showed various peaks in the chromatogram at different molecular weights covering the 
range from 57 to 80 kDa. The exact nature of the compounds giving rise to these peaks 
is currently unknown and improved chromatographic separation methods and 
identification of the compounds is required. 
The presence of a variety of inductors of metallothoneins, apart from metal 
contaminants, suggests that MTLP should be used as only one of a suite of biornarkers. 
it is rare for a single metal to be proven as the ecotoxicological agent in many 
environmental situations. Thus, the application of multiple biomarkers has an advantage 
over a single biomarker for monitoring levels of environmental contamination and 
should be developed further. 
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